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Abstract 


Magnetoresistance measurements have been made on high purity n-type InSb between 


111°K and 50°K using magnetic field strengths up to 28 kG. The results are in qualitative agreement 
with theory for the quantum limit for the case of piezoelectric scattering and classical statistics 


Collision broadening seems to be the mechanism preventing the resistivity in a transverse field from 


diverging. Limitations on the comparison of our data with theory are discussed. 


1. INTRODUCTION 

IN A STRONG magnetic field electron motion per- 
pendicular to the field becomes quantized“) when 
wr > 1, where w is the cyclotron frequency and 7 
is the scattering time. Both the density of elec- 
tronic energy levels and the scattering time) are 
affected by the magnetic field, thus giving rise to 
magnetoresistance effects different from those 
predicted by classical magnetoresistance theory. 

The energy spectrum associated with the quan- 
tized motion perpendicular to the magnetic field 
is comprised of highly degenerate discrete energy 
levels separated from each other by the magnetic 
quantum of energy, hw. In a real material each 
quantized discrete level is somewhat broadened) 
because of the possibility of electronic transitions 
between the various spatially separated quantized 
with the level in question. 


orbits associated 
Parallel to the magnetic field is a one dimensional 
» in 


conduction band. The density of states‘ 
excluding broadening and spin effects, 
l 2m \ 3/2 
| thw x 
)? h2 
be [E- (A T s)he | 1/2 
N 


(1.1) 


where m is the effective electron mass, £ is the 
electron energy and the sum is over the quantized 
(Landau) levels so that N takes all integral values 
beginning with zero. 

The scattering rate depends on both the density 


A 


of final energy states available to scattered electrons 
and the matrix element of the scattering potential. 
Thus alteration of the energy level density by the 
magnetic field influences the scattering rate. When 
the scattering potential depends on electron 
energy, the matrix element also depends on field 
strength, in strong fields, giving rise to an additional 
field dependence in the scattering rate. @) 

In order for quantum affects to be observable, 
iw must be greater than thermal energy, kT’, and 
h/r.4) (The 


- 1.) The character of 


the collision broadening energy 
latter condition is just wr 
the observed effects depends on how the electronic 
energy levels are occupied.) 

A large average effect on the electronic proper- 
ties due to quantization is to be expected only 
when the energy of all the electrons involved is 
less than 3/2 hw, that is the electrons are all in the 
lowest Landau level (N = 0). This 
called the quantum limit.@) When the electrons 


regime is 


obey classical statistics the condition for the 
quantum limit is hm > kT. 

In this paper we shall present and discuss the 
experimental magnetoresistance data on a non- 
degenerate semiconductor, high purity m-type 
InSb, in the quantum limit. 
and transverse fields up to 28 kG were employed 


30th longitudinal 


for a number of temperatures between 50°K and 
111°K. The only comparable experimental work 
reported) has been confined to the resistivity in a 
transverse field of 20kG maximum strength. 
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InSb is particularly suited for our investigation 
because of its high electron mobility and very small 


electron mass.) These properties allow 


effective 
l. and fiw to be achieved with the 


28 kG). 


irge values of wT 
magnetic fields available (maximum of 

[he conduction band of InSb is comprised of 
spherical energy surfaces centered about (000) in 
at any 


k-space and is parabolic, at low energies 


rate.(7) This facilitates comparison of our results 
with the theory, since the latter is worked out only 


ror suc ha simple band. 


2. THEORY AND ITS APPLICABILITY TO 
OUR DATA 
[he theory of the galvanomagnetic effects in the 
quantum limit regime has been treated by a num- 
ber of authors.‘®) Most useful to us is the theory 
of ApAMS and HOLSTEIN ) 
as AH) because it contains explicit predictions for 


(referred to hereafter 


the dependence of the resistivity on magnetic field 
t 


strength and on temperature, in both transverse 


and longitudinal magnetic fields, for a number of 


different scattering mechanisms. Unfortunately 
AH do not conside1 the 


polar optical scattering which might be important 


low temperature form of 


in our experiment, nor do they give results for cases 
when more than one scattering mechanism at a 


time This latte: may be of concern 


o us because in even the highest purity InSb, at 


1S important. 


there seems 


ionized 


liquid nitrogen temperatures 


some, non-negligible amount of impurity 


in addition to lattice scattering, 


weak netic fields.) The 


mav 


better in strong fields because, 


according t impul ty scattering 1n strong 


fields is less important relative to most types of 


} 


lattice scattering than it is in weak fields 


lhe explicit predictions given by AH are f 
and classic il 
Our experiment the 

ily about 6 RT. 

at part of the 


xtreme quantum limit statistics, for 


to electrons 1n 


| and that there is 


Q and A l 


tnat 1} { are 


Landau 


warrant trying to extend the 


kT 


{ EA/2 exp(—E 


theory to include them. However, we have en- 
deavored to improve the applicability of the theory 
of AH to our data by using their expressions for 
the quantum the 
extreme quantum limit approximation is made. 


limit scattering rates before 

For the case of high temperature piezoelectric 
scattering,“ which causes theoretical high field 
resistivities in best agreement with our data (see 
Section 5), the complete expressions of AH for the 
scattering rates contain a function G, having a 
complicated dependence on the reduced kinetic 
energy, Ez/hw, where Ez E—% hw. In order to 
obtain analytic expressions for the transport in- 
tegrals determining the resistivities, we first found 
a power law approximation for G by inspecting a 
plot of log G vs. log Ez/hw. Then the transport 
integrals were worked out assuming that all the 
conduction electrons are in the lowest Landau level 


(A 0). 


Specifically, the approximation we found is 
4h7+ Es 1/4Ez 


a ans ee 


Ez+Es 


exp| 
hw 
where 


t 


Ei(x) | exp(—?)/t dt 


energy associated with screening of the 


and EF; 
scatterers by electrons. For non-degenerate statis- 
tics 


(h2/2m)(42ne2/KRT) 


the dielectric constant and yn is 


concentration. If Fs 


where K is 


the 1S neglected, 


electron 


(2-1) is good approximation for 
4Ez/hw < 4. In the same spirit in the 
\H for the 


(which determines the transverse resistivity) we 


equation 
0-001 


expression ot transverse diffusivity 


set 


(EF. ha ) exp k hw\)EWk, hw) 0 


Our neglecting the screening 


energy contribution is that the screening energy 


justification tor 


in our sample (calculated from the number of 


carriers) is small compared to both kT and the 


collision broadening energy /i/r. 


From AH the longitudinal resistivity is given by 


kT) aD 


exp(—E./kT){evEi(y)}—1 dE; 
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where s is the velocity of sound, y = (4#z+ Es)/hw, 
and Ag is a constant of the material which may be 
identified from the work of MEYER and PoLDER®), 
i.e. 


l67r2e7hse 16 


K2 


14 


As = 


The Cj;’s are elastic constants and e 4 is the piezo- 
electric constant. Using approximation (2.1) we 


obtained 


) 


m3/2 (fiw)}/2 


he 3 


A3 


[px] Pr 
V 2 mne*s 


Since 
3273/2m3/2 (RT )1/2 Ag 


he hs 1672e? 


[polez = (2.6) 
V2n 


ae 
P0 I PE 


From AH the transverse resistivity is given by 


hw 1/2 


kT 


\/ (2m) 


[er|re ™ ; 
Snes 


where 

Bs (4E,+ Es) ho, t= Es hw, 
and E¢ is a cut-off energy. Making the approxima- 
tions (2.1) and (2.2) we found 


A3 B 
(kT) 1/s 
he Cc 


V 2m 


[pr] pe cae 


|. 


(2.9) 


where 


with 


I(u, p) 


PURITY 


13(Cy + 2C 9 T 4C' 


InSb IN THE QUANTUM LIMIT 

The symbol « is a cut-off energy, E,, divided by 
kT. The use of a cut-off energy is necessary to pre- 
vent the theoretical pr from diverging. Physically 


E, may arise in a number of ways. In our case it is 


6 
2 , r y Y 9 (2.4) 
u+16me7,/K)  13(Cya+4re,, 


probably due to collision broadening so that 
E. = h/t(Ecpr) t(EcR) is the 
broadening time at an electron energy of Egg. Of 
level 


where collision 


course if a collision broadened energy 
density had been used in the theory, pr would not 
diverge, and the somewhat artificial introduction 
of a cut-off energy would be unnecessary. Using 
equations (2.8) and (2.6) we obtained 


| . | 
PO PE 


Ei(e) 1 (kT \! 


16 hw 
\ a J(€) sf hw 


34/m kT 


VEi(y)—teEi(t)]E, dE: 


The resistivity ratio we obtain for the quantum 


limit for high temperature piezoelectric scattering 


In the above, the effect of spin orbit splitting of 
the 
opposite spin has been neglected (a spin degener- 


1S 


hw I 


Ei(e) 1 (kT \12 
| kT | | 


tI (€) 2 hw 
(2.11) 


quantized energy levels into two sets of 


acy factor of two was used). Our justification is that 


electrons of opposite spin ordinarily conduct 


independently because the transition probability 
for scattering with spin reversal is zero. With spin 


orbit coupling this transition probability 1s 


probably still small, although no longer zero. If 
the 


this is true, then for classical statistics 
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conductivities of the two spin sub-bands simply 


| resistivity equal to that given 


add, vielding a 
above. 

Acoustic deformation potential scattering, or at 
least a relaxation time of similar energy dependence 
impurity 


Hall 


InSb in the 


has bee! used in combination with 


scattering to successfully account fo1 the 


effect and resistivity” of 
temperature range 


interest to examine th¢ 


n-type 
of interest. Thus it is also of 
theoretical quantum limit 


| 


kT these are 


for the case of deformatio1 potential 


When hw 


ARGYRES and 


resistivities 


scattering ccording to 


fields has been 


in this section will 


é xpre SSIONS YV1VEe!l 


1 analyzing our data 


EXPERIMENTAL DETAILS 


haracterislics 


from Ohio Semiconduct 


crystal b 


of the Hall coefficient, Ru, 


ration of! 
| R ct) 
H 


homo- 


electre 


oO Ss parat 
t} Hall 
+? + a 
Csrcd {) 


K (530.000 


(b) Method 

The resistance was measured by a d.c. potentio- 
metric method. The magnetic field was provided 
by an Arthur D. Little electromagnet having an 
automatic controller to maintain the field constant 
at a preselected value. The field was measured and 
monitored with the Rawson fluxmeter associated 
with the magnet. Temperatures were obtained 
using liquid nitrogen, oxygen, or methane baths 
whose vapor pressure could be controlled. Tem- 
determined from nitrogen or 


peratures were 


oxygen vapor pressures or a copper constantan 
thermocouple. 

The resistivity was often checked on two inde- 
pendent sets of potential leads on opposite sides 
of the sample. In a transverse field both sets of 
field 
temperature dependence of the resistivity. In a 
field 


showed a very slight increase of resistivity with 


leads gave identical results for the and 


longitudinal one set ofl leads sometimes 


increasing field strength while the other set gave 
an essentially field independent resistivity. We 
chose the latter results as being more reliable, and 
they are presented in this paper. In any event the 
discrepancy was not large enough to affect the type 
of comparison with theory which we carry out. 
The Hall coefficient was measured up to highest 
fields to be certain that the carrier concentration 
was not changed due to magnetically induced 
freeze-out.“) Such an effect is not to be expected 
until lower temperatures than those we are con- 


cerned with, and we found no evidence for it. 


In order to minimize geometrical 


located at 


Note added in prooj 
effects the potential 
approximately equal to the sample width away 
geometrical 


H for a 


the one reported above 


leads were distances 


from the 

ample. Upon hearing of the larg« 
found Hilsum we measured 
ample fron ime ingot a 


greater length to width ratio (i.e 


23). The results for the long sample were 


to those for the original sample indicating that 


pendence of pr is a bulk effect 


4. EXPERIMENTAL RESULTS 

The transverse resistivity data on InSb are pre- 
sented as a function of magnetic field strength in 
ig. 1 for a 
temperatures log pr approaches a linear depend- 
log B at the higher field strengths. At the 
lowest temperature log pr depends linearly on log 
B down to 10 kG. The slopes of the linear regions 


number of fixed temperatures. At all 


ence on 
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are about 0-9, For comparison we note that Bare, 
WILLARDSON and Beer) found pr proportional 
to B at high fields up to 20 kG. 





0-8; 








Fic. 1. Dependence of the resistivity of high purity 


n-type InSb on transverse magnetic field strength for a 
number of temperatures for which hw >k7 


Fic. 2. Temperature dependence of the resistivity 
high purity n-type InSb for a 
magnetic field strengths for which hw>kT 


number of transvers 


The temperature dependence of the experi- 
mental transverse resistivity is presented in Fig. 2 
for a number of field strengths. At all fields pp de- 
creases as the temperature is increased, Although 
pr is not simply proportional to a power of the 


temperature, it does approach such a behavior at 


PURITY 


InSb IN THE QUANTUM LIMIT 


the highest fields, and at 28 kG pr varies approxi- 
mately like 7-94, 

The longitudinal resistivity data are presented 
as a function of field strength in Fig. 3. Note that 
for a fixed temperature pz is about independent of 


field strength. 








| 
Cc 
Cc 
oO 





re k 


Fic. 3. Dependence of the resistivity of high purity 


n-type InSb on longitudinal magnetic field strength for 
a number of temperatures for which iw>k7 


)O9 5 


T (°K) 


Fic. 4. Temperature dependence of the resistivity of 
high purity n-type InSb for two longitudinal magnetic 
field which iw>kT and the zero field 


resistivity 


strengths for 


The temperature dependence of the experi- 
mental py, for two magnetic field strengths is pre- 
sented in Fig. 4. In addition, the zero field re- 
sistivity is also plotted. From Fig. 4 it can be seen 


that at lowest temperatures py is rather insensitive 


to temperature change, but at higher temperatures 


is an increasing function of temperature. 
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experi- 

such a 
vy the theory ata points 
straight line of unity slope indi- 


is approximately proportional to 


betwee! 


n10kG 


5. DISCUSSION 
ir experimental results are quite different than 
predicted DY classical magnetoresistance 
for a simple spherical band. Such theory 


predicts that in a transverse field the resistivity 


should saturate at high fields and that in a longi- 


he resistivity should remain at its 


value. In contrast, as indicated in 


observed that pT~ B°-9 and PL 
We attribute this behavior to the 
juantum limit effects in our sample. 


interpret our results in terms of 


n elects, we first compared them with the 
le of theoretical predictions for the approxi- 
and the 


the 


scattering 


depe ndences of 


temperature 


transverse resistivities 1n 


um limit for various 


Their tabulated dependences are 
because other factors which depend 


} 
I 


Gel 
i 


ically on fi and temperature have been 
find that the 
ire and field dependences of our experi- 


best with the table of AH 


ature forms of either piezoelec- 


pon comparison we 


agres 


polar optical scattering. 


Since the temperature of the phonon involved 


in optical scattering in InSb is quite high 
(290°K),( the high temperature form of optical 
scattering cannot occur in our experiment. The low 
temperature form of optical scattering may be 
important but, as mentioned before, it has not been 
treated theoretically in the quantum limit. Since 
such scattering involves absorption of an optical 
phonon and the number of these available is 
the 


comitant resistivity would presumably have a very 


extremely temperature dependent, \!”) con- 
strong temperature dependence. In view of the 
only moderate variation of our measured resistivi- 
ties with temperature, this mechanism is apparently 


unimportant in our sample. 





Fic. 6. Magnetic field dependence of experimental and 
Data are for 


ratios pi/po at 77°K. 
The 


calculated using equations (2.7) and (2.12) 


theoretical resistivity 


high purity n-type InSb theoretical curves are 


We shall now consider the theoretical predic- 
tions for piezoelectric scattering in more detail. In 
view of our not having quite achieved the extreme 
quantum limit experimentally, we shall compare 
our data with the equations in Section 2 which 
were derived for our case. The theoretical pz/po 
ratios given by equations (2.7) and (2.12) are com- 
pared with our experimental results at 77°K in 
Fig. 6. 


same field dependence as the experimental data 


Neither of the theoretical curves has the 


(which are independent of field strength). The 
theoretical curve for piezoelectric scattering does 
have a smaller field dependence (B!*) than the 
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curve for acoustic scattering which has a B! de- 
pendence and thus is in better agreement with our 
data than is the latter. The slight rise in pz with 
increasing field strength noted on an independent 
set of leads was much too small to account for the 
discrepancy between the piezoelectric and experi- 
mental curves. 

In order to evaluate the theoretical pz in detail, 
the cut off energy, £~, must be determined. Since 
phonons of very low energy may be involved in 
piezoelectric (or acoustic) scattering, and the 
screening energy in our sampie is quite small 
(Es/k = 130/T °K), the cut-off is probably due to 
collision broadening; thus -, = h/r(Ecr). The 
quantity 7(Zcz) is the time for transitions between 
degenerate quantized orbits for electrons of 
energy Hcg. For isotropic scattering ARGyRES‘!?) 
found that the collision broadening time is equal 
to the momentum relaxation time. Thus 7(£ep) 
can be expressed in terms of 7, the weighted statis- 
tical average of the momentum relaxation time r. 

For piezoelectric scattering in the quantum 


limit, tpz ~~ Fz, thus 
[r( Ey B)|PE 


(2tpgh/3kT)V2 (5.1) 


while for acoustic scattering in the quantum limit, 


~ E7)/2, thus 


[7( ky B)] Acous 


“Acous 


(th2,cous/4RT)V3 (5.2) 


Values of = were obtained from the measured re- 


sistivities by means of the relation, 
m/ne*pr ee 


We have calculated the theoretical py/po ratio for 
both piezoelectric and acoustic scattering for the 
conditions For 
acoustic scattering p7/pp9 turned out to be less than 
one. This is probably due to the inadequacy of the 


occurring in our experiment. 


quantum limit approximation for this type of 
scattering at the fields of interest. An indication of 
this inadequacy is given by equation (2.12) which 
3kT, con- 
trary to all expectations. For piezoelectric scatter- 


ing the quantum limit approximation should be 


states that pz is less than po when hw 


more adequate since equation (2.7) states that 
PL PO down to hw kT : The calculated PT PO 
values for piezoelectric scattering are indeed more 


reasonable. In Fig. 7 a curve of pr/po calculated 


for piezoelectric scattering at 77 K is given along 


PURITY 


InSb IN THE QUANTUM LIMIT 

with our experimental data on InSb. Note that the 
field dependence of the calculated (piezo) curve 
is quite similar to the experimental curve. How- 
ever, the two curves are displaced by a factor of 
about two. Perhaps this discrepancy is due to in- 
exactness in relating the cut-off energy to the 


collision broadening time. 





15 


Temperature = 77°K 








20 
B (k G) 





Magnetic held depe ndence of exp 


Fic. 7 


theoretical resistivit 


ratios py po at 
theoretical 
Ihe theore 


broadening cut- 


high purity n-type InSb. The 


lated from (2.10) 


cludes the effect of collisior 


collision broadening 


equation 


time estimated from 


mental 

Cognizant of the fact that our experimental po 
reflects an increasing amount of impurity scattering 
as the temperature 1s lowered, as indicated by the 
flattening of the po vs. 7 curve at low temperatures 
(see Fig. 4), while pz or pr may have a smalles 
relative amount of impurity sctatering, we shall 
not compare theore tical curves of p po VS. te mpera- 
ture with the experimental resistivity ratios. In- 


stead we have plotted the theoretical temperature 
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dependence of p7 tor piezoelectric scattering for a 
number of field strengths in Fig. 8. No theoretical 
curves are given for pz since for piezoelectric scat- 
tering the theoretical pl is independent of tem- 
perature (see equation 2.5). No curves are given 
for acoustic scattering because of the apparent 


non-importance of this type of scattering (estab- 


lished above by studying the field dependence of 


1, PO). 





oretical temperature dep in the 
n by equation piezoelec- 


ti energy 1S as Oo collision 


broadening 


The theoretical curves for the temperature de- 


pendence of pr in Fig. 8 are to be compared to the 
experimental pz curves in Fig. 2. The fact that the 


theoretical pz, is independent of temperature 


should be compared with the experimental PL 


curves in Fig. 4. [ pon doing so, we see that in 


either a transverse or a longitudinal magnetic 


field the theoretical curves for piezoelectric scatter- 


ing are less temperature dependent than the 


experimental resistivities. 


Finally we turn to the p/p; data on InSb 


(plotted in Fig. 5). The approximate proportionality 


hw/kT serves to confirm that we 
are observing quantum limit resistivities since the 
theoretical p7/pz, involves this factor in the extreme 


for all scattering 


of pr/p, to 


quantum limit, at any rate, 


mechanisms considered except ionized impurity 





Temperature = 77 


> 
B (kG) 


of theoretical and experimental 


Fic. 9. Comparison 
pr/pt at 77°KK as a function of magnetic field strength. 
The theoretical (piezo) curve was obtained by employing 
equations (2.5) and (2.9), and a cut-off energy ascribed 


to collision broadening 


scattering.) A more detailed comparison of our 
data with theory is made in Fig. 9 which shows the 

limit) experimental 
function of 
that the field de- 


and 


theoretical (quantum 


pr/pr at 77°K as a magnetic field 
strength. From Fig. 9 we see 
pendence of the theoretical pr/pz, curve for piezo- 


electric scattering is similar to, but somewhat less 
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than, that observed experimentally. However, 
the magnitudes differ by a factor of about 2. The 
reason for the latter is probably the same as for the 
discrepancy between the experimental and calcu- 
lated (piezo) curves of p7/po in Fig. 7. For acoustic 
scattering the calculated p/p, turns out to be less 
than one, probably due to the inadequacy of the 
quantum limit approximation as mentioned in 
connection with the calculated p7/po for acoustic 
scattering. 


6. CONCLUSIONS 

The magnetoresistance of high purity InSb in 
strong magnetic fields disagrees with the pre- 
dictions of classical magnetoresistance theory. 

The resistivity ratio pr/pz was found to be a 
function of Aw/kT in agreement with predictions 
of the extreme quantum limit theory of ApaMs and 
HOLSTEIN. 

Detailed comparison of our data with the 
E.Q.L. theory is somewhat ambiguous because the 
important scattering mechanisms in InSb for the 


temperature range of interest are not well under- 


stood, a good theory of cut-off is lacking, and we 
don’t quite reach the extréme quantum limit 
experimentally. The latter can be remedied to 
some extent by using the theory of AH without 
making the extreme quantum limit approximation. 

Of the mechanisms treated by theory, piezo- 
electric scattering gives high field resistivities most 
similar to our data. However, since there are 
quantitative discrepancies it would be premature 


JRITY 
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to conclude that piezoelectric scattering actually is 


the dominant scattering mechanism in our sample. 
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Abstract—Singk ls of optical qualit 
elt under hydrogen gas at 


che mical, an¢ 


moderate pressure 


AH differ 


from those expected | \ 


LiH have been prepared by slow crystallization of the 


Measured and reported values of the physical, 


properties of LiH and LiD are compared to those of LiF and NaCl. 
yroperties bear out the predominantly ionic nature of crystalline LiH. The optical properties 
a comparison with the properties of the alkali halides or the other 


This difference is related to distortion and polarization effects on the hydride ion 


n the LiH crystal lattice. There is 


energy of crystalline LiH 


and this also may 


INTRODUCTION 
Tuis Is the first paper of a series which is proposed 
to describe the work done in this laboratory with 
lithium hydride crystals over the past five years. 
Other papers in preparation include: II. Optical 
Absorption by Color Centers, III. Electron Spin 
Paramagnetic Resonance Studies of Colored 


and IV. Colloid 


Papers on electrical conductivity and diffusion, 


Crystals, Lithium Formation. 
and on other effects of radiation damage in lithium 
| 


hydride will also follow. 
\ veneral discussion of the properties of the 
book 


The 


e sur- 


hydrides, including LiH, can be found in the 
by Hurp@ 


properties of LiH ar 


)andina report by ELSON et al. 


e the subject of literatu 
veys contained in two reports by Grips and 


ViEsseR®), Most of the 


formed le of this laboratory may be found in 


references to work per- 


outsk 


these general sources, but, since no tabulation of 


the properties of LiH has been found in the recent 


literature, we have taken the liberty of including 


f s along with those obtained at 


] 


qaiscussion. 


some of these result 


this laboratory in our 


tne 


a tendency toward covalency which may contribute to the binding 
be responsible for its somewhat anomalous behavior 


PREPARATION OF SINGLE CRYSTALS 
It is possible to prepare single crystals of LiH 
from the melt by a method which is, in many ways, 
different 
materials by BRIDGMAN, by OBRIEMOV and ScHuB- 
NIKOV, and by STOCKBARGER™). The dissociation 


similar to those previously used for 


pressure of LiH is not exceedingly high at its 
melting point, but the literature) indicates that 
the dissociation pressure over the molten salts of 
the other alkali hydrides is probably too great to 
allow the preparation of crystals of the higher 
alkali hydrides from the melt. 

The procedure used to prepare a single crystal 
of LiH includes the following. (1) cleaning a pure 
iron crucible; (2) distilling lithium metal into the 


crucible; (3) sealing the crucible by welding under 


vacuum; (4) heating and outgassing the crucible 


in the apparatus shown in Fig. 1; (5) introducing 
purified hydrogen under pressure to synthesize 
molten lithium hydride inside the crucible; (6) 
establishing a proper thermal gradient through the 
melt by increasing the heat losses down the crucible 
support; (7) crystallizing the melt by slowly cool- 
ing the furnace; and (8) freeing the crystal by re- 
moving the crucible under an inert atmosphere. 
The steps are described in more detail in the 


following paragraphs. 
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The pure iron used to fabricate the crucibles is Ferro- 
vac E obtained from Vacuum Metals Corporation. ‘The 
crucible is 16 mm in diameter and 110 mm long with 
0-13 or 0:25 mm wall thickness in the central portion 
Its base is tapered to end in a solid supporting stem, and 
the top includes a flange and gently tapered walls to fit a 
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THIN-WALLED IRON 
CRUCIBLE 
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STEM SUPPORT 
~STEM THERMOCOUPLE 








HEAT LEAK (COPPER 


CRUCIBLE SUPPORT 
(THIN STAINLESS) 


FURNACE 





RADIATION SHIELD 





WATER-COOLED 
FLANGE 


O-RING 


“CONNECTION TO Hop 


SUPPORT CONNECTION 


] 


Fic. 1. yStals 
of LiH from the melt 


leak sealed inside the crucible support to establish a 


\pparatus for the preparation of single cr 


Note water-cooled copper heat 


thermal gradient through the melt. 


cap with a similar taper as indicated in cross section in 


Fig. 1. The crucible and cap are leak-tested and cleaned 
before use. Oxides and traces of other possible con- 
taminants are removed from the crucible by first melt- 
ing commercial LiH in the crucible at about 800°C in- 
side the apparatus shown in Fig. 1. The salt is later re- 


moved by reaction with absolute methanol followed b 
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successive washings in methanol and acetone and out- 
gassing according to the general procedure proposed by 
Gisp and Messer'*), The precleaned iron surfaces are 
brighter and more resistant to corrosion in air than be- 
fore. 

Vacuum distillation is used to purify lithium, which 
is then transferred directly into the crucible to minimize 
possible contamination by handling. The Li metal used 
is a low Na grade from the Maywood Chemical Com- 
The distillation apparatus consists of three cham- 
bers—boiler, receiver, and filler the other 
The upper two chambers are normally heated and are 
but the 


pany 
one below 


made from stainless steel with welded joints, 
cooled lower chamber contains a viewing port and a brass 


t 


O-rings. The Li metal, with some Zr sponge to act as a 


base to support the crucible, both of which are sealed by 


getter for nitrogen and carbon, is introduced into the 
boiler through a copper-gasketed side arm. The Li 
vapor distills from the boiler at about 850°C and passes 
down an axial tube through the boiler to condense below 
it and collect in the receiver beneath. The first vacuum 
connection is on the receiver, which is held at about 
200°C by an auxiliary heater to keep the Li molten, and 
a second vacuum connection is on the filler chamber 
beneath. The liquid metal is transferred from the re- 
ceiver to the crucible in the water-cooled filler chamber 
by a pipetting action through an open tip in the base of 
the receiver. The necessary control is supplied by intro- 
ducing about 1 cm of He gas into the receiver chamber 
to force the metal to flow into the crucible inside the 
evacuated chamber below. 

Before sealing the crucible with its contents, the level 
of Li in the crucible is adjusted, if necessary, to allow 
enough volume for expansion on melting. The tapered 
cap is pounded into place under vacuum and _ the 
assembly is placed in an evacuated quartz tube for weld- 
ing. During welding, a copper tube supports the crucible 
at the flange and also protects the crucible contents from 
excessive heating while the power from a 5 kilowatt in- 
duction heater is introduced through an eddy-current 
concentrator.(®) Through this device, heating of the 
crucible and cap is concentrated in the top 3 mm, and 
welding is complete in less than 2 minutes. 

Synthesis of the LiH is carried out in the apparatus 
shown in Fig. 1. After assembly and outgassing, which is 
continued to about 750°C with periodic flushings with He, 


He is 


apparatus to combine with the Li 


main chamber of the 
The He is purified 


UHs, 


thermal dissociation of the compound to 


pure admitted into the 


by converting commercially available gas to 
followed by 
produce a pure dry gas Further purification, if necessary, 
may occur during diffusion of the Hz through the thin 
iron walls of the crucible. Hydrogen diffusion through 
the iron walls is the rate-determining step of the syn- 
! and this process normally requires from 4 to 


LiH. Pure He is 


thesis,‘ 


7 days at 750°C to produce 6 gm of 


pumped in from a starting pressure of about one-tenth 


of an atmosphere and continued until a pressure of 
nearly three atmospheres can be held over the crucible 


LiH 


top to 


a single crystal from the molten 


requires that a thermal gradient exist from the 


Production of 
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period 
auto- 
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through 


ing the iron 


lithium | vdrid 


ry 


ot it 


ic combinations* LiH, 


et al 
LiD, Li6H, Li€D, and either of the first two con- 
taining small quantities of LiT. The thirty-odd 
crystals prepared so far also include mixed crystals 
with LiF, and those doped with MgHg or with 
impurities such as MgO and LigO. Studies of the 
distribution of impurities indicate that most of 
them—with the possible exception of MgH2—are 
swept to the top of the crystal rendering this por- 
tion cloudy and more dense than the bulk of the 
crystal. During attempts to grow clear single 
crystals of LiH from the best available salt it was 
found that crystals of better and more uniform 
quality could be obtained by adding a small 
amount of magnesium metal to the melt, apparently 
because the MgO impurity is segregated into the 
top crust more efficiently than the LigO impurity 
normally present in the salts. Mg-doped LiH 
cry stals, like LiF, possess better cleavage character- 
istics than undoped crystals. 

The purity of the LiH single crystals and of the 


tested 


starting materials have been by spectro- 
graphic analysis, and chemical analysis has also 
been done on Mg-doped crystals.t From these 
measurements typical concentrations of metallic 
impurities in molar p.p.m. detected in “pure” 
LiH crystals are: Na (20-200), Mg (0-5-6), Fe 
(0-5-2), Cu (0-5-2). Other metallic impurities are 
evidently present at concentrations 1 molar 
p.p.m., although the spectroscopic sensitivity may 
not be this high in some Cases, 

The most important non-metallic impurities, 
oxygen and nitrogen, cannot be detected with com- 
parable sensitivity by spectrographic or chemical 
means. Sensitive density measurements are used 
that non-metallic impurity concen- 
the 10-1000 


range. ‘The isotopic 


to estimate 


trations, estimated as oxide, are in 
p.p.m. 


purity of the De gas was checked by mass spectro- 


molar concentration 
metry before and after preparation of the salt. ‘The 
isotopic purity was found to be greater than 99 per 
cent and nearer to 99-9 pel cent for some crystals of 
Lib. 


crystals of LiH or LiD prepared are of comparable 


[hese results indicate that some of the single 


purity to single crystals of the alkali halides which 


are commercially available. 
PROPERTIES OF LITHIUM HYDRIDE CRYSTALS 
The physical, chemical and thermal properties 


t} 
tne 


of UO. 


analyses 


acknowledge cooperation 


f this laboratory for these 
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Table 1. Properties of lithium hydrides compared to alkali halides 


LiH 


Property/ Material 


7-948 
4-0835 


Molecular Weight 
Lattice Constant (A) 
Crystal Density 
(25°C-gm/cc) 0:7750 
Hardness 
(DPN or kg/mm?) 
Compressibility 
(10-!* em?/dyne) 
Coefficient of ‘Thermal Expansion 
(10-° deg 
Thermal Conductivity 
(cal/deg cm sec at 100°C) 
Debye ‘Temperature 
(°K) 
Melting Point 
(°K) 
Lattice Energy 
(kcal/mole) 
Heat of Formation 


36°6 


0-025 


815, (920) (611, 


(kcal/mole) 
Gas Pressure at Melting Point 
(mm of Hg) ~ 600 
Electrical Conductivity 
(ohm~! cm~! at 600°C) 
Dielectric Constant 12 
Refractive Index at 5892 A 1:984- 1 


3x 10-3 10 


* This 


Table 1 along 


and 


of LiH and LiD are contained in 
with comparable literature values for LiF 
NaCl. NaCl is chosen for comparison because it 
is the most familiar member of the alkali halide 
family and generally regarded as a typical ionic 
crystal. LiF is chosen because its lattice paramete1 
is close to that of LiH, and it is valuable to compare 
the lithium hydrides to the family of lithium 
halides. It is hoped that this table, along with the 
following discussion, will help to elucidate both the 
similarities and differences between the properties 
of lithium hydrides and typical ionic crystals—the 
alkali halides. Values of properties which have not 
given in 


been determined experimentally are 


parentheses. 


1. Lattice Dimensions 

The X-ray lattice parameters of STARITZKY and 
WaLkeER 9) are the most precise values given and 
they agree with bulk density measurements on 
“pure” LiH and LiD to within 0 02 to 0-05 pet 
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LiD 


8-954 
4-0684 


O-8826 


l . (3-6) 
(0-025) 
744) 
(961) 


—218°8 


~ H00 


(12) 


985¢ 
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LiF NaCl 


58°45 
5°6287 


25:94 
4°0173 


2-601 


4-04 
0-014 


0-022 


281, 330 


610, 780 
1115 1074 
—244 —185 


—143°6 


~ 0-06 


work. 


cent. Agreement to within 0-02 per cent is found 
between the flotation density measurements and 
the crystal densities calculated from the “‘best’’ 
X-ray lattice parameters for LiH and LiD pro- 
posed by D. 'T. Vier and A. L. Grorci of this 
laboratory. ‘They considered all of the reasonable 
known values for the lattice parameters to obtain 
average values of 4:084+ 0-001A for LiH and 4-06 
+Q-O0O1A for LiD. The flotation densities are 
measured by floating small crystallites (from large 
single crystals) under inert liquids in a pycnometer 
by adjusting the temperature and then measuring 
the density of the suspension medium using appro- 
priate corrections for thermal expansion. A mixture 
of octane and xylene is a suitable liquid for LiH 
samples and a xylene-silicone oil mixture is used 


for LiD cry stals. 
Vechanical Prope rtles 


The only mechanical property of LiH that has 


been measured on single crystals is hardness. All 
g ; 
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surements W 1ade by E. CRAMER of 
es of single 
The hard- 
made w a Kentron micro- 
yramidal 1 


diamond in- 
her mechanical proper- 


ratory on the 
comparable st 


were 


as a compressive al d bending 
re also comparable to those of the other 
or cleavage along the [100] 
3 is pronounced. Creep, flow,’ annealing 
5 OF | iH show that the se processes occul at 
t rates at 400 ( 
compressibility i h not been 
crystals. 
estimates 
obtained in a number of different ways, and the 
is about 15 


pel ent \ value of 2-5 10 cm?/dyn¢ 


Che tabulated value is the average 


estimated uncertainty of t iveragte 


Was 


LiH and LiD by intercomparison of 


obtained for 


hardness values with those of LiF and NaCl for 
known. A 


lation between compressibility 


which compressibilities ar linear re- 


and inverse of 


hardness for these 


estimate. R. 


similar materials was assumed 
\VicQuEEN of this 
velocities “) in LiH 
/dyne. A 


-cm*/dyne for LiH was calcu- 


in making 


laboratory measured shock 
ls and obtained 3. x cm 
of 28x 10 


the fundamental infrared wavelength 


dielectric constant data according 
and also 


proposed by Sziceti 


uation 


KITTE! K ASARNOWSKY was the first 


ate the compressibility from the lattice 
He obtained 2:3, 
with the 
| 
i 


g the Born theory. ; 


which 1s 1n agreement 
1 using 1€ 


u improved data and t 
repulsive potential. From 
prove 1 x] ial é forn the Born 


Vlayer tential, we 
Bo — 1 


yressibility from the same data.7 


obtained 3 y 10-1-cem 


\ll of the above estimates were used to obtain the 
average. We did not include a value of 4-8 x 107-12 
cm?/dyne in the average because it is probably not 
characteristic of the LiH crystal; the result was 
obtained by H. Laquer of this laboratory from 
measurements on 


pulsed sound a compressed 


pellet. 


Thermal Properties 
The LiH 


examined fairly thoroughly, whereas those of LiD 


thermal properties of have been 
have been almost completely neglected. The linear 
coefficient of thermal expansion of LiH has been 
determined by dilatometric means in the range 
from 20° to 300°K(” and twice by X-ray methods 
in the 300° to 800 K(@>. 


present equations for the variation of the thermal 


16) range. Allof the workers 


expansion coefficient with temperatures which are 
summarized in the last paper.“) The thermal con- 
ductivity of LiH has been done in the 300° to 
900°K temperature range by J. B. VETRANO®). He 
found a greater variation of thermal conductivity 
with temperature than predicted from a (1/7) de- 
pendence. No thermal conductivity measurements 
have been made in the low temperature range 
where the variety of possible isotopic compositions 
in a crystal composed of low mass ions should 
make VETRANO 


found that cast crystalline LiH samples were better 


such measurements attractive. 
thermal conductors than compressed pellets. His 
results on compressed LiH at about 100°C agree 
with those obtained by us (working with R. BEVAN) 
on LiH and LiD compresses, and from this we 
deduce that there is no significant difference be- 
tween the thermal conductivities of LiH and LiD 
crystals at 100°C. Limited heat capacity measure- 
ments on LiH from 74K to room temperature 
were made by GUENTHER™®), and these were used 
by UBBELOHDE™®) to calculate the Debye character- 
istic temperature, 6p = 815° K. Grips and MEsser 
estimated 6p to be as high at 920° K for LiH. which 
seems reasonable in view of the large variations} 
apparent @p for Lik 
Che values of 6p for LiD were 


LiH 


obtained in the from heat 


capacity data.” 


obtained from the values by using either a 


heat capacity data 
taken at very low te mperatures are gene rally in excellent 
agreement with those from low temperature elastic data, 
but LiH 


; 


measurements have not been carried to this 


rehinement 
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reduced mass correction) or the modified Linde- 
mann expression. In each case the 0p values from 
X-ray data®!) are intermediate, 851°K for LiH 
and 638°K for LiD. The melting point of LiH was 
carefully determined as 688°C by MEsseEr et al.(2®) 
The freezing point depression due to the solution 
of lithium metal in partly dissociated LiH at the 
melting point is probably responsible for the pre- 
viously reported low value of 680°C. It is assumed 
that LiD melts at nearly the same temperature, 
although measurements indicate that it may melt 
several degrees higher. @) 


4. Thermodynamic Properties 

Some of the thermodynamic properties of LiH 
and LiD have been investigated more thoroughly 
and the values for lattice energy and heat of for- 
GUNN and GREEN®®) are 


mation obtained by 


probably the best available. Calculations of the 


lattice energy of LiH from a theoretical approacl 
have been rather extensive and reasonably success- 
ful. ‘The most recent quantum-mechanical calcula- 
tion was by Lunpevist®”, which was further re- 
fined by Morita and TAKAHASHI8), and a success- 
ful application of the BoRN—Mayer lattice theory 
has been made by BAuGHAN®®), Despite the fact 
that the lattice energy of LiH is comparable to 
those of the alkali halides, the heat of formation of 
LiH is comparatively small. This is associated with 
the relatively low stability of the compound and 
with the low electron affinity of hydrogen. 


5. Chemical Stability 

The low chemical stability of the lithium hy- 
drides relative to the alkali halides is also evidenced 
by instability toward heat or oxidizing atmospheres. 
Although LiH reacts slowly with dry oxygen o1 
nitrogen at room temperature, it ignites and burns 
The tabulated 


demonstrate the high dissociation pressure ove 


readily in air if heated. values 
pure LiH at the melting point compared to the low 
vapor pressures over molten alkali halides. Thess 
are obviously important for the 


LiH. 


Considerable work has been done on the dissocia- 


considerations 


preparation of pure single crystals of 


tion of the lithium hydrides and on the lithium 
hydrogen system which may be found in the refer- 
ences.(2: 3, 6) Continuing dissociation of LiH re- 
sults in the formation of two liquid phases and a 


reduced “plateau” dissociation pressure as indicated 
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in the pressure-composition diagram of Fig. 
from the data of HILL and PERLow"®), 


6. Electrical Conductivity 
The conduction in 
LiH Moers“! 


PeTEeRS“@?), who electrolyzed the salt to obtain Li 


ionic nature of electrical 


was demonstrated by and 


600r- 








20 40 60 80 
COMPCSITION (PERCENT) 


Fic. 2. Hydrogen dissociation molten 
LiH from the work of HILI 


between the dashed lines indicates that tw 


pressurt OVE 
and PeRLow'?"). The area 
o liquid phases 


are in equilibrium. 


ind Ho. Moers also studied the electrical con- 


ductivity of molten and solid LiH 
to 440°C. Moers’ results 


agree with the curve that we have obtained for in- 


containing 


excess oxide from 750 


trinsic conduction in single crystals of LiH. LiH 
conducts electricity by the cation-vacancy migra- 
tion mechanism, similar to the alkali halides, and 
the activation energy for the process is about 0-53 
eV. The conductivity curves obtained for 
and Mg-doped LiH are illustrated in | ig. } and are 
HAVEN (28) 


‘pure”’ 


compared to similar data obtained by 


for the lithium halides. It is evident from the 


figure that LiH fits into the sequence of lithium 


halides; although, as in the sequence of melting 
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Table 2. Dielectric propertte s 


Lil LiH LiCl LiBr 


electrical conduction and diffusion in LiH are the 


subject of a later paper. 


7. Dielectric Properties 
Polarization properties of LiH relative to the 
alkali halides can be deduced from the dielectric 
constant measurements of LAQUER of this labora- 
tory and from the index of refraction measure- 
ments of SrariTzKy@9), Laguer found the dielec- 
tric constant of LiH to be 12-1—11-5 in the fre- 
quency range of 0-1 to 100 kilocycles, from which 
we have taken « 12 for the static dielectric con- 
stant. The limiting value for the high-frequency 
electronic contribution to the dielectric constant 
is taken from STARITZKY’s value of the index of 
refraction extrapolated to infinite wavelength, 
eg = (1-90) 3:61. We have compared the 
polarization properties of LiH with the lithium 
halides®°) and NaCl in Table 2 where r is the 
nearest neighbor distance in angstroms, ¢ is the 
static dielectric constant, €o is the high frequency 
dielectric constant representing the electronic 
polarization of the ions, and Ae is the difference 
representing polarization caused by ionic dis- 

n ivity of “pure’’ and Mg-doped placements. 

emperature compared to the lithium The ionic lattice polarization in LiH is compara- 


tf HaveNn‘**?. (a) Intrinsic conduc- ble to the lithium halides, but the electronic polari- 
stal; (b) Conductivity of a “‘pure’’ 
of a Mg-doped crystal with 


tent; (d) Conductivity of a crystal 


zation is almost as great as in the iodide and nearly 
double that in LiF and NaCl. 


1 the measurements of Mogrrs(#! 
8. Fundamental Optical Absorption 


points, its properties are closer to those of LiCl Optical absorption of LiH and LiD films in the 


than to LiF (which has more nearly the same infrared region has been observed by L. Jones of 
lattice parameter). LiD conductivity curves have _ this laboratory. Jones found two absorption bands 
the same slopes, within experimental error, as in LiH at 11-0 and 17-2u and one in LiD at 17-Oy. 
those found for LiH, but they are displaced slightly Despite the fact that the 11-0 band seemed more 
to the left. This slight reduction in conductivity intense than the 17 Qu band in LiH, the latter 
for LiD is probably related to a similar reduction wavelength gives better agreement with the com- 


in lattice parameter. The details of our studies of _ pressibility obtained by other methods when the 
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relation proposed by Sziceti1®%) is used. The 
infrared spectra of other materials also exhibit 


side bands on the high-energy side of the funda- 
mental vibrational frequency and, according to the 
observations of LAx and BurRsTEIN™?) we expect 
the side band for LiH to be quite intense. On this 


250 400 500myz 


ABSORPTION COEFFICIENT 


CRYSTAL 


5 4 
ENERGY (EV) 


Fic. 4. Fundamental ultraviolet absorption of LiH 
films. The upper part shows the 300°K spectra obtained 
by other workers; B—Bacu and BONHOEFFER™*), K 

KAPUSTINSKY et al.(4°), and R—Raucu(4®), The lower 
part shows the 80°K spectra of two films and of an un- 
The 


lower 


colored single crystal determined in this work. 


approximate intensity scale at the right of the 


figure applies to #2, #5, and R, but the scales used for 

K and B are arbitrary. The intensity scale is magnified 

by 1000 x to present the single crystal absorption edge 
on the figure. 


basis we have tentatively assumed that the 11-0u 
band in LiH and the 17-0 band in LiD are side 
bands, and that the 17-24 band in LiH represents 
its fundamental infrared absorption. The funda- 
mental band for LiD should exist at about 23 
based on a calculation using SzIGeTI’s relation and 
the compressibility value of Table 2. 

The fundamental ultraviolet absorption of LiH 
films has been studied by BAcH and BONHOEFFER, 4” 
by KaPUSTINSKY, SHAMOVSKY and BAYUSHKINA(?) 
and by Raucu(46), We have also made measure- 
ments on thin films of LiH to resolve an inconsis- 
tency introduced by Raucn, who did not observe 
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the first fundamental band at 252my and proposed 
that this band was caused by F-center absorption. 
The 252 mp band was present in our films, and it 
is also evident from the strong absorption edge at 
about 270 mp in uncolored single crystals. W. B. 
Lewis of this laboratory found no evidence of 
paramagnetic centers in crystals containing only 
the 252 mp band, and therefore this intense ab- 
sorption cannot be caused by F-centers. Kapu- 
STINSKY ef al. measured the position of the first 
band maximum at 248-2 my in LiD compared to 
251-7 mp in LiH. From these values they calcu- 
lated —22-9 kcal/mole for the heat of formation of 
LiH and —23-6 kcal/mole for LiD, in reasonable 
agreement with the values in Table 1 obtained from 
The ultraviolet 
absorption spectra obtained for LiH are presented 


in Fig. 4. 


thermochemical measurements. 


films was 
The fs 
crucible 


The method used to prepare the LiH 
similar to that used by the previous workers. 
metal was distilled from an induction-heated 
onto quartz (or LiF) plates cooled by contact with a cold 
finger containing liquid nitrogen. The Li mirror was 
converted into LiH by introducing purified He into the 
distillation system while the cold finger was allowed to 
warm up. A spark discharge from 
through the gas near the mirror to partly ionize the He 
30th He pressure and tem- 


a coil was passed 


and facilitate the reaction. 
perature were raised from initially low values to about 
15 cm pressure of Hg and 100°C to ensure the completion 
of the reaction. Attempts to anneal the films by heating 
them to temperatures much above 100°C led to darken- 
ing of the SiOg plates from reaction with the LiH. The 
sample discs were transferred to cells with quartz win- 
dows which were then evacuated and placed in a Beck- 
man DK-2 Spectrophotometer for the optical absorption 
measurements at 80°K and 300°K. The infrared spec- 
trum of each film was also taken to ensure that no reaction 
had taken place to produce LiOH and thus contaminate 
the film. LiOH was assured by the 


absence of the strong absorption band at 2°71 yw. Esti- 
I 


The absence of 


mates of average film thickness were obtained by dis- 
solving films of known area in water and measuring the 
pH of the solution. ‘The position of the maximum of the 
first absorption band in LiH shifts from 251:7 mp to 
251:2 mp on cooling the sample from 300°K to 80°K, 
and the intensity of the absorption peak increases about 
50 per cent at the same time. 

To examine possible effects of impurities, we prepared 
LiH films from mirrors distilled from the last fraction of 
commercial Li to vaporize. This was also an attempt to 
duplicate the procedure used by Raucu in the prepara- 
tion of his LiH films. Our films were normally prepared 
from mirrors distilled from Li previously re-distilled 
according to the procedure given for single crystal pre- 
paration, and our distillation experience indicates that 





PRI 
tallic and non- 
with 
id not show 


LiH 


onsistent 
pure 


( mM} osed ot 


surface which 


t of a tail extend- 


to longer velengths 


s by annealing the films 


absorption ed 


sharpness of 


roximate scale 


. , ' , 
coefficient used to plot t film data in 


1 from 10 ! to 1 m to plot 


spectrum The spectra of the 


awn to the same scale as the lower 


is arbitrary in the case of the results of 


who obtained their curve from a 


neter trace of the 252 mu band recorded on a 


{ 


iphi plat Onl the positions f the band 


3ACH and BONHOEFFER, who also 
to record their absorption 
position of the 


approximate. We 


that the second 


190 mp is o1 ly 


ximum second band at 200 my 


film, although the spectra of our 


very-tnir 


with the presen 


ir¢ consistent 


1 at shorter wavelengths 


NaH, 


also investigated by 


[he ultraviolet absorption spectra of 
KH, RbH and CsH 
RaucH™®) and his results for NaH and KH were 
verified by JoHNsON“”®, ‘The position of the bands 
the I the 


spectra obtained for 
higher alkali hydrides are comparable to, and con- 


were 


and the shape ot 


sistent with 


the spectra of the alkali halides. The 
alkali 


following se- 


trend presented by the highet 
LiH 
quence of energies for the band maxima: 
4-17 eV (CsH), 4:61 eV (RbH), 5:25 eV (KH), 
6-18 eV (NaH), and 4-93 eV (LiH). Our results 
indicate that the intensity of the first band in the 
LiH than that of the 
second band, in 
spectra of the other alkali hydrides or alkali halides. 


orderly 
hydrides is broken by in the 


first 


spectrum is much lower 


contrast to ratios found from the 


The optical absorption bands produced by color 


centers in LiH (paper II) show a similar displace- 
the 


ment toward lower energy from positions 
expected for them from comparisons to alkali halide 


spectra. 


9. Discussion 
LiH, 


especially its ionic conduction of electricity, give 


The physical properties of crystalline 


STZEL et al 


strong evidence for the basically ionic nature of the 
solid, but they do show some deviations from the 
properties of typical ionic crystals exemplified by 
the alkali halides. The electronic properties of LiH 
are different from those of the alkali halides accord- 
ing to measurements of fundamental ultraviolet 
absorption, polarization properties, and chemical 
stability. It is not clear how much these deviations 
depend on homopolar contributions to binding in 
the LiH crystal, or whether the assumption of 


partial homopolar binding is really necessary. 


Charge distribution in LiH crystal. The distances 
and the Li 

square boxes around 
cell divisions of EWING and SEITz 


Fic. 5 
are given in angstroms, 
as 0°68 A. The 


indicate the 


-ion radius is drawn 


the central ions 


The initial success of the ionic model for LiH 
makes it of interest to see how fully one might be 
able to explain the atypical properties without 
resorting to the assumption of homopolar binding. 
The tenuous nature of the electron distribution of 
the free hydride ion and the extreme distortion of 
this ion in the LiH crystal lattice can be visualized 
by comparing PauLina’s“8) free H~-ion radius of 
2-08 A to the 2-04 A nearest-neighbor separation 1n 
the crystal. Fig. 5 is an attempt to show a scale 
cross section through the LiH crystal lattice. The 
Li*-ions are assumed to be hard spheres of 
0-68 A 
assumed to be occupied by compressed and severe- 


ly distorted H~ ions indicated by the lighter 


radius,* and the remaining volume is 


* We have used the ionic radii of Zachariasen quoted 


by KitTe! ; PAULING’s Li*-ion radius, 0°60 A, is even 


smaller. 
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shading. Anion—anion repulsion is also evident 
from the figure, and from the observation that one- 
half of the second neighbor distance, 1:44 A, in 
LiH is less than the effective H~-ion 
1-50+0-02 A, in the higher alkali hydrides. The 
effective H--ion radius of 1:36 A is derived from 


radius of 


the anion-cation distance. The two larger radii at 
1-50 and 2-08 A are indicated by faint lines on the 
figure. There are heavy dotted lines midway be- 
tween the lattice points to indicate the initial cell 
division used by Ewin and Sertz“9) to calculate 
the charge distribution in LiH using a self-consis- 
tent field. On this basis it is found that most of the 
charge from the 2s electron of Li remains in the 
Li cell, and that the effective charge separation be- 
tween Li and H cells is 0-35 e. However, LuNp- 
gvist®” obtained a similar charge distribution for 
the 1s electrons of H~ ion inside the Li cell because 
of overlap interactions with neighboring Li 
H--ion shells, and he concludes that the ‘ 
ship” of the valence electrons cannot be determined 
on the basis of charge distribution because this is 
nearly identical for the purely covalent and ionic 
states in the LiH crystal. This distribution is 


and 


‘owner- 


illustrated in the figure where the greatest part of 


the volume of a Li cell is filled with the weaker 
shading indicative of the more diffuse electron 
distribution of the six neighboring H~ ions. 
Expansion of the LiH lattice to the dimensions of 
one of the higher alkali hydrides will increase the 
effective charge separation as well as the apparent 
H~ ion radius. Hence, the electronic properties of 
higher alkali hydrides should be more nearly com- 
parable to the alkali halides than those of LiH 
as is found true for the fundamental ultraviolet 
absorption bands.* 

Evidence for the partial homopolar (covalent) 
character of the bonds in crystalline LiH has been 
drawn from the low “effective”? charge, the small 
difference in the electronegativities of the com- 
bining elements, and the contraction of the lattice 
dimensions from the sum of the free ion radii. 
From electronegativity considerations the bonds 
in LiH are estimated to be 12 5 per cent covalent 
for crystals is obtained 


* Another “‘effective charge’’ 


from their infrared vibrations and dielectric properties 
SZIGETI in the first 


calculation s e* le 0:50, 


relation given by 
reference.(°3) From. this 
which is much lower than the value of 0:8 to 0-9 found 


for most of the alkali halides. 


by using the 
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by the same method that PauLinc 48) used to 


estimate 10 per cent covalent character for the 


bonds in Lil. PauLinc has also explained lattice 
contraction by assuming that the shortened bonds 
between the ions of the crystal possess partial 
covalent character. These conclusions are in agree- 
ment with the tendency of compounds involving 
the lightest metallic elements to be more covalent 
than similar compounds with heavier members 
of the same family in the periodic table. 
Theoretical calculations of the lattice properties 
of crystalline LiH are also in agreement with the 
predominantly ionic nature of the crystal, but 
they also indicate that there may be a significant 
homopolar contribution to the lattice energy. The 
lattice energy of LiH was approximated by the 
atomic-orbital calculations of LUNpevist®” based 
on an ionic model, but Morita and TAKAHASHI'8) 
showed that better agreement with experiment 
could be obtained by using semi-localized crystal 
orbitals to allow homopolar binding to account for 
the ~ 10 per cent deficiency in LUNDQVIST’s calcu- 
lated value. The ionic model of BORN and MAYER 
was successfully used by BAauGHaN®9) for LiH, 
but the comparatively high value for the repulsive 
been used as 


o which he found has 


exponent , 
evidence for increased covalency relative to the 


alkali halides, 9°) 
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Abstract—Ideas on the statistics of superexchange interaction developed and applied to substituted 
yttrium-iron garnets by GILLEO are extended and applied to substituted rare earth iron garnets. It 
is shown by means of structural! considerations that only four interactions per c site ion with d site 
ions are important in determining the contribution of the c site ions to the 0°K saturation magnetiza- 


tion. The statistical theory accounts especially well for the behavior of np(0°K) vs. x(=y 


+x) of the 


system {Gd3}[AlyFeo-y](AlzFes-z)O12 and for {Gd2.4Cao.6}[AlyFeo-y](Alz-0.6Sio.6Fes-z)O12 corrects 
the previously obtained ionic distribution which had been considered anomalous. Other systems are 


also considered. 


Crystal chemical aspects of some of the results, compensation points and some minor limitations of 


the treatment are discussed. 


INTRODUCTION 

RECENT developments“~*) in the experimental in- 
vestigations of the crystal chemistry and magnetic 
interactions in substituted yttrium-—iron garnets 
have led to a definitive quantitive understand- 
ing) of these interactions. GILLEO™) has shown 
that in a garnet in which nonmagnetic ions have 
been substituted for the Fe** ions in the octahedral 
and tetrahedral sites only those Fe** ions linked to 
at least two other nearest neighbor Fe** ions 
through oxygens participate in the ferrimagnetism. 
The success of this theory is particularly demon- 
strated in Refs. (2) and (4). 

Although data on substituted rare earth iron 
garnets are as yet sparse there now seems little 
doubt that the statistical treatment may be success- 
fully extended to the substituted rare earth iron 
garnets. As will be seen, this extension depends 
heavily on structural considerations and therefore 
is another example to add to the increasing recog- 
nition of the importance of the relation of crystal 
structure to the physical and chemical properties 
of solids, 

Although the symbolism and terminology have 
been given in several other papers by the author 


and his colleagues, it is worthwhile for complete- 
ness to repeat these here. An oxide garnet has the 
general formula {Ag}{Bo](C3)Oj2 and belongs to 
space group Ja3d with eight such formula units in 
the unit cell. ‘The Aions occupy ¢ sites designated by 
{ } and are dodecahedrally surrounded by oxygen 
ions, the B ions occupy a sites designated [ ] and 
are octahedrally surrounded by oxygen ions; and 
C ions occupy d sites designated ( ) and are tetra- 
hedrally surrounded by oxygen ions. All the 
metal ions are in highly specialized positions, 1.e. 
with no degrees of freedom, whereas the oxygen 
ions are in the / or most general positions. 

We shall discuss in order the systems: 

(1) {Rg_wMew}[Fe2](Fes)O12, in which R is a 
magnetic rare earth and Me a nonmagnetic triv- 
alent ion, with the additional case that Me could be 
R’ £R. 

(2) {R3}[My,Fe2_y](MzFe3_z)Oj2, in which M is 
a nonmagnetic ion, with the additional case that 
M Cr(s = 0) 

(3) {Rg_wMew}[M,Fe2_,](MzFe3_z)O12, in which 


Me and M are nonmagnetic ions. 


We point out the possible existence of many 
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svstems and la nal section dis- 


limitation 


reatment. 
TEMS 
discuss first 1s 
the reported Curie tem- 
yttrium-iron garnet (hereafter 
id GdIG®) are very nearly the 
which R is any 


magnetic 


La should 


400 


DEGREES KELVIN 


30% 
N 


TEMPERATURE 


tT compensation poli 


experimentally the contri- 

Gd ion sublattice to the spontane- 
magnetization at any temperature by simply 
magnetization of 
at the 
GdIG 


" : ' 
ollowing this we can then determine 


gy the spontaneous 

that of GdIG, remembering that 
compensation point the magnetization of 
changes sign. | 


the spontaneous magnetization at any temperature 


W ) 3 NB Gd)y\ 7 


| this way a graph of np VS. T may be plotted ror 
1) from which the compensa- 

obtained. VILLERS ef 

arried out this procedure for several values 


? 


and have obtained good agreement (I iv. &) 


and observed compensation 


also (Fig. 1) that for values of 
w > 16/7 no compensation point should occur for 
{Gdg_wY, }[ Fes](Feg)Oy. 

Now we the substitution of 
in YIG, that the over-all 


points.* Note 


noticed in non- 
magnetic ions for Fe® 
interaction strength always decreased as a result of 
such substitution as shown by a decrease in the 
Curie temperature. Also it appeared that even 
when small numbers of nonmagnetic ions go into 
octahedral sites, tending to increase the spon- 


taneous magnetization, there was an opposing 


EXPERIMENTAL 
LLERS, ET AL) 


observed (VILLERS et al.'8)) and 
substituted 


FIG Comparison of 


derived compensation points of yttrium 


gadolinium-iron garnets. 

effect tending to decrease it, namely the removal 
from participation in antiferromagnetic interaction 
of those Fe?+ ions not linked to at least two mag- 
netic ions, through intervening oxygens. In other 
words the importance of continuous linkage of the 
magnetic ions was demonstrated. (-®) 

It is obvious that as long as the a and d sites are 
filled with Fe?+ ions the magnetic ions in ¢ sites 
will always be actively linked in a chain of anti- 
ferromagnetically interacting ions. Thus in such 
a situation every magnetic ion in ac site is in a 
favorable situation for superexchange interaction. 

* Their agreement for the {Gd Ery | Fee |( Fes)( Jie ”) 


system is even better. Here however 
v)/3 nevaa(T) + 


+3 npier(T)—npiyvie(T) 


np Tw) (3 





SUPEREXCHANGE INTERACTION AND 
Also it is demonstrated that the presence or ab- 
sence of magnetic rare earth ions on the ¢ sites 
does not significantly affect the magnetizations of 
the other sublattices. We shall see later that the 
contributions to the total spontaneous magnetiza- 
tion from magnetic rare earth ions in the ¢ sites are 
significantly affected by substitution in the d sites. 
It is noteworthy that garnets with mixed mag- 
netic rare earth ions, R and R’, in the c sites, i.e. 
with Me = R’, a magnetic rare earth, behave: 5) 
as follows: 
np(T, 
w/3 npr (7) —npyvia)(7) 


2a. {R3}[MyFee2-y](MzFes-z)O12 SYSTEMS 
A logical extension of this discussion is the con- 
sideration of a system such as 


{R3}[M,Fe2_y](MzFe3_z)O12 


in which M is a trivalent nonmagnetic ion. The 
interaction picture here cannot be predicted as 
easily as in the case of the 


{Gd3_wY w}[Fe2](Feg)O12 system. 


Two simplifying assumptions indicated by th« 
refined yttrium-iron garnet structure) should be 
made: 

(1) The R—O 
to strong superexchange interaction ; 
assume that the magnetic interactions of ¢ site and 
a site magnetic ions contribute negligibly to the 


Fe(a) angles are not favorable 
thus we 


spontaneous magnetization. 

(2) The geometry of only half the interactions 
between c and d site ions is favorable to super- 
exchange. We shall also assume that an R** ion not 
linked to at least two Fe** d site ions does not par- 
ticipate in the ferrimagnetism. It will be seen that 
these basic assumptions appear to be valid over a 
fairly wide substitution range. 

In the garnet structure, each oxygen ion is co- 
ordinated to one octahedral, one tetrahedral and 
two dodecahedral ions. Each of the latter is co- 
ordinated to eight oxygen ions, but only four of 
these have suitable superexchange interaction 
geometry. Each tetrahedral ion has four (magnetic- 
ally) important linkages with octahedral ions and 
four important ones with dodecahedral ions, but 
the latter have negligible effect on the contributions 
of tetrahedral magnetic ions to the ferrimagnetism. 


[LONIC 


DISTRIBUTION IN IRON GARNETS 


Each octahedral ion has six important linkages 
with tetrahedral ions but no important ones with 
dodecahedral ions. 

Following GILLEO’s treatment, we let ky and k; 
be the fractions of octahedral and tetrahedral Fe? 
ions replaced by nonmagnetic ions, i.e. 


ky 
ky 
The probability p,(m) that an ion of coordination 


n be linked with m ions of probability (1—A) is 
given by the binomial distribution: 


Pr(m) = | : ) kn—m(] — ym 
m 


From this it follows that the probability & that an 
ion be linked with at most one of the magnetic ions 
is 
] 
E=\S Pn(m) 


m=O 


nk"-1— (n—1)k” 


Then the fraction of Fe?* ions in a specified sub- 


lattice contributing to the ferrimagnetism is 
(1 E) (1 k). This is the portion of Fe? 


the specified sublattice linked to at least two Fe? 


ions 1n 


ions in the other sublattice. For a compound of 


moments n.’, n! of the 


structure the 


garnet 
octahedral and tetrahedral sublattices are 


3 V1 - k,)[1 _ Ei(Ro) | 


where 


E,( kt) 
Ex(Ro) 


6K —5 
4k? 
0 


and M,, M; are the moments in Bohr magnetons, 


up, of the magnetic ions. 


ae ot sub- 


moment 7 the dodecahedral 


The 
lattice will then be 
Db) — 3Mp[1—Ep(ki)]* 
Ny 3 Mp|1 — Ep(At) | 
* The capital D is used here in order to avoid con- 
fusion with the d used elsewhere for space group desig- 
nation of tetrahedral sites. The other notation for octa- 
hedral and tetrahedral sites is used specifically to be in 
accord with that in GILLEO’s paper.4 


+ See Section 5. 
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10n this expression accounts 


behavior of the 


np(O) 1 (y+s I 
Ra!{M, Fes_,,](M-Fe3_2)O12: R = Gd, Dy, 
j 7 (10) 


Al, Gat rted by VILLERS ef al. 
Gd, M Al. 


system R 
1-0 obtained by 


look at the 
y+e 

‘ } nich ¢ lax 
s to be much too low 1n com- 
points and therefore the 
ilso probably off. The points 
it some- 


raise 


1 modify this « irve, 1.€. 
Che values of np(0) 
, 


values /y¢ z/x), the 


t ions in the tetrahedral 


ol nonmagnetic 
deduced from these by trial and error are 
1. It should also be kept in mind 

consider that each 
tributing 


netization, t that this does not appear 


to be the measured by 


specimens 


Table 1. Fraction of Al®* ions in tetrahedral sites, fi, 
17 Gdg3}[Al,F« 2 /)(Al Fes \O as deduced from 
data of VILLERS et al. 


* See Table 4 notes. 
+ This distribution is also compatible with quantita- 


tive X-ray intensity data. 


ViLers et al. There is reason to believe that the 
presence of impurity ions is implied by this. But 
we wish to show mainly that the ideas are applica- 
ble and especially account very well for the low 
magnetizations for high x. The f; values for this 
system appear quite reasonable when compared 
the {Yg}[Al,Fes_,](Al,Fe3_2)O12 


with those of 
system.’ 

For the 
take as the moment of each active erbium 5-22 wz as 
deduced from the point at x 0. In Table 2, we 


list the results for this system. In these calculations 


Erg}[Al Feo y|( Al Fes ;)¢ )j0 system we 


it has been assumed that the substitution of Al? 
for Fe? 
in turn, produces a change in the orbital angular 


ions does not produce an effect which, 


momentum contribution to the Er?+ moment. 


Table 2. Fraction of Al\®+ ions in tetrahedral sites, fi, 
in {Erg}{[Al,Fe1_,](Al-Feg_z)O12 as deduced from 
data of VILLERS et al.@°) 


np(calc. )* 


np(obs.) 


(/B) 


10: 
11: 
12-4 12: 
12°9 12: 
13-4 13- 


/ 
/ 


* See Table 4 notes. 


Note that for the R Er, M Al system data 
only up to x 1-0 are given. This is true also for 
the R = Dy, M = Al and Ga systems. In the 
region 0<x<1, f; changes rapidly with mp(0) for 
a given x. And therefore even small errors in 
magnetization show up as large changes of fp. 

The systems R = Dy, M = Al and Ga appear 
to be anomalous. If we take the value 7-1 up per 
Dy, we compute the f; values shown in Table 3 
for M = Aland in Table 4 for M = Ga. 

It is noteworthy that for x = 0-25, f; = 0-92, a 
value of 7p 17-3 would be obtained for R = Dy, 
M = Al. Also for M = Ga, when x = 0:50 a 
value of f; = 0-94 would be required to give a 
value of 18-2. These examples demonstrate the 
sensitivity of f; to mp in this region. At the present 
time therefore we cannot really draw any sound 
conclusions regarding distributions of nonmagnetic 
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Table 3. Fraction of Al8+ zons in tetrahedral sites, fi, 
in {Dys3}{Al,Fee_y](AlzFe3_z)Oi2 as deduced from 
data of VILLERS et al.) 


np(obs.) np(calc. ) 


v+2 


(B) (4B) 


0-00 


See Table 4 notes. 


Table 4. Fraction of Ga** tons in tetrahedral sites, fi, 
in {Dy3}[GayFes_,](GazFe3_z)O12 as deduced from 
data of VILLERS et al,9) 


np(obs.) np(calc 
(eB) 

16- 
7° 
18: 
18 
19 


1-00 
1-00 
1-00 
1-00 


=> wa tN VI Ww 


* The nz(calc.) values are included in the Tables for 
one of several reasons: (1) The /¢ values are reported to 
the nearest 0-01; the value given is that for the closest fit. 
(2) It is possible that an mp(calc.) value will be one of the 
maxima of the function; this is the case for R Gd, 
M Al, x 2-00. (3) In the case R Dy, M Ga, 
x 1:0, 18-9 wp is the maximum value obtainable for 
x 1:0. (4) See discussion, this section, regarding 
R = Dy, M=Al, x = 0-25, and R = Dy, M 
% = 0-5, 


Ga, 


ions in these specimens. Highly accurate measure- 
ments on very pure specimens would be required. 
These together with accurate X-ray determinations 
would also aid in a determination of any crystal 
field effects of substitution on the orbital angular 
momentum contribution to the moments of the 
“nonspherical”’ magnetic rare earth ions. 
Admittedly low temperature effects» ?» 4) could 
change the magnetization results. Yet it would 
appear that as in the cases of the systems in which 
the c sites are filled with nonmagnetic ions, these 
effects are small for a fairly wide substitution range. 
As to compensation points in the 
{R3}[Feo_,My](Fe3_zMz)O12 systems, these depend 
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sensitively on the nature of the sublattice magneti- 
zation vs. temperature curves. If we again assume 
that the interaction of the ion sublattices deter- 
mine the Curie point we might contract the R#+ 
sublattice curve into the same temperature range. 
This curve must multiplied by 
(1—4k? + 3k). Also it is not quite clear as to how 
one should treat the curve over the whole tem- 
perature range. The Neéel interaction coefficients 
y+e 


however be 


will change somewhat with changing x = | 
and thus the contributions at temperatures differ- 


ions in the different sub- 


different 


ent from O°K of the 


lattices will be somewhat from those 


Fic. 3. temperature for the Gd? 
ion sublattice and for Ys3Fe4.67Alo.33012 showing that 
Gd3Fe4.67Al3.03012 should not have asingle compensation 
400°K 


(de € 


Magnetization vs. 


and 


text 


be low 
518°K 


point, but should be ferrimagnetic 


antiferromagnetic between 400 and 
for conditions. ) 


when x = 0. Thus because the compensation 
points are sensitive to small differences in these 
contributions it should not at present be a simple 
matter to calculate an accurate value of the com- 
pensation point. On the other hand if one knows 
the cs vs. JT curve for a substituted YIG, it should 
not be too difficult if the treatment of the rare 
earth o, vs. 7' function is as straightforward as in- 
dicated above. If we take the VILLERs et al. curve 
for 0, vs. x for the {Gd3}[Fe2_,Al,](Fe3_zAlz)O12 
system and extrapolate to x y +3 5 > get 
6. = 400°K. 

In Fig. 3 we see that this specimen will not have 
a single compensation point, if indeed the mag- 
netization curves of the Gd*+ ion sublattice and 
Fe?+ ion sublattices really 


400°K. The 


of the combined 


do coincide above specimen 
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Gdsgk« 


rerromagneti 


1.67 Alo.g3Q0 10 
between 400 and 518°K and 


would then appear to be anti- 
ferri- 
magnetic below 400 K. 
2b. {R CryFe Oi2 SYSTEMS 
Vitvers ef al.“ have 
R Gd, Dy, Er in which Cr 
Fe?+, There is little doubt 


Cre a ll 


also reported systems 
is substituted for 
that in these all the 
(5) When R Gd 


| here 1s no 


octahedral sites. 


1 
as expected 


In 2p(V) 1s | 


the decreast 
deviation from the simplest treatment in which: 
e/9 


{ 
T | 


y)t 


However, there is a greater than expected reduc- 
tion of mp(0) when R Er. (No magnetization 
Dy.) Now Gd 
and would not have an orbital angular 


the 


data are given for R ion is an 
s-State 10n 
momentum contribution to magnetization. 
Also Cr? 
hedral 


angula 


is practically in an s-state in the octa- 
the 


contribution 


position in garnet and any orbital 
to be 
ErIG 


case there appears to be an interaction tending to 


further the orbital 


momentum appears 


However, in the substituted 


que nche d. ; 


quench angular momentum 


contribution of the Er’*+. This also is a complex 


situation the clarification of which requires 


further study. 
SYSTEMS 


3. {R Me w}{MyFeo-y}(MzF« \Oj2 


4 further extension is to the systems in which 


nonmagnetic ions are substituted for magnetic 


ions in all of the sites. From the preceding we see 
that the only change we have to make is in n v 
Now 


n 3M,)(1 


ur kp) [1 —Ep(k)* 


‘here are two reported cases to which this may 


a recent paper) we have 


applied. In 
at the 0’ K spontaneous magnetizations of: 
Gd 


CaRo}Fe4SiQj2 R , 


2) {Cap-gRo-4 


Fe,Alp-4Sig-¢6¢ )io 
Another way of writing these 1s: 
{ l ) 1 ( ‘agFe Sigl Jie 2 R3FeoFesl die 


* See Section 5 


and 
(2) £CagAloSig( Jie aia 4 R3FeoFesl dio 

Now for (1) when R = Y, p(0) 

0-95. When R 


that the increased size of the Gd? 


0-5 pp and this 
indicates that z Gd it may be 
ion would favor 
an increased number of Fe*+ ions in octahedral 


sites. If it is assumed that all the Si** ions are 
tetrahedral we would predict a value of 12:3 pz 
for mp(0). Unfortunately this is not in good agree- 
ment with the reported value 13 5 yg. If we set 
z = 0-90, which is unlikely, we calculate only 
11-8 up which is worse. Thus, we do have here an 
important discrepancy and it would appear that an 
experimental reinvestigation might be in order. 
The reason that we say this is that the treatment of 
(2) leads to a more logical conclusion than that 
given in the earlier paper which was written much 
before the present ideas were formulated. In that 
paper the results, as stated, based on the simplest 


of models were: 
| 4up 
fYo,4Cao.6}[Fe1.s6Alo.14](Fee.14Alo.265i9.6)O12 
14-2up 
{Gdo. 4Cao.6}[Fe1.74Alo.26](Fe2.26Alo.14510.6)O12 


Now it seemed that more Al** ions should not 
be in the a sites in the Gd compound than in the 
yttrium compound. Nevertheless we were forced 
to conclude that the replacement of Y by Gd had 
the effect of increasing the average volume avail- 
able to an ion entering a tetrahedral position. With 
the new model we find that if we allow the distri- 
bution of nonmagnetic ions in the Gd compound 
to be exactly the same as that in the yttrium com- 


pound, namely: 
{Gde.4Cao.6}[Fe1.s6¢Alo.14](Fee.14Alo.265i0.6)O12, 


we predict exactly 14-2 wp for mp(0) for this com- 
pound. 

Thus the weight of the present over-all evidence 
points to the essential validity of the model pre- 
sented. 

We now extend this discussion another step. 
After the germanium garnets analogous to the 
were discovered by 


mineral _ silicate 


TAUBER et al.1) those authors studied the spon- 


garnets 


taneous magnetization as a function of tempera- 


ture of the compound {MnYo}Fe,GeQOj2 or 





SUPEREXCHANGE INTERACTION AND 
4 MngFesGe3012— 2 Y3Fe2Fe3Oj2. They arrived at 
a value of mp(0) extrapolated from 77K and to zero 
field of 2. Based on the simplest of models they 
concluded that the formula for this compound is 


: MnYo9}[Fe1.7Geo.3](Fee.3¢ x€9.7)Oje 


It is probable that the strength of the 


Mn(c)—O—Fe(d) interaction is greater than that 


of the R(c)—O—Fe(d) interaction. However, if 


these interactions are assumed to be comparable 
then the distribution obtained by means of the 
presently described statistics is 

{Mn Yo}[Fe.72Geo.28](Feo.28Geo.72)O12 


This result differs insignificantly from that ob- 
tained by means of the simplest model. 

Now a further word should be given the conse- 
quences of this result. In the case {CaY2}Fe,GeOyo, 
we found”) that the distribution of ions is: 


{CaYo}[Fe1.35Geo.15](Fee.15Geo.s5)O12 


We note that when the larger divalent ions Ca* 
are in the dodecahedral sites there is a greater ten- 
dency for the larger ions to be in the octahedral 


sites also. How meaningful this is will of course 
depend on additional data obtained in experimental 
studies of the future. If true however we would 
infer that in MngFesGegQOyvitself the ratio y/(2—) 
would be greater than in {MnYo}FeyGeOjz2 and that 
in MngFee2SigQO}»2 there is a substantial number of 
Si** ions in the octahedral sites. 


4. VERY COMPLEX SYSTEMS 
Many of the garnet systems, simple and com- 
plicated, have now been covered. Of course there 
are very complex ones which have not been 
covered and as far as is known no magnetic 
measurements have been made on such systems. 


These are: 
{Rg ante }[ Fee yMy](Feg ,M,z)¢ )i2 


in which M, and M; may both be magnetic or one 
magnetic and the other not, and R’,, is or is not a 
magnetic ion or the sum of two ions either both 
magnetic or one nonmagnetic. As yet no garnet 
is known in which any magnetic ions other than 
Fe®+ occupy the tetrahedral sites. 

We can also think of R’, M, and M,; as sums of 


ions needed to obtain electrical neutrality. Thus, 


IONIC 
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for example, solid solutions might be made 
of {Gd3}[{[Mneg](GaGez)O;2%" 19% with YIG or 
{MnGdo}[Mne](GaGez)Oj2"? 18) with YIG. An 
extremely large number of possibilities may be 
derived by examination of a recent paper by 
GELLER and MILLER on new synthetic garnets. ?) 


5. LIMITATIONS 
At present the scarcity of data does not permit 
the firm establishment of the limitations of 
GILLEO’s 


exchange interaction in substituted yttrium-—iron 


treatment of the statistics of super- 
garnets or the extension of this treatment to sub- 
stituted rare earth iron garnets given in the present 
paper. Certain limitations are already obvious. 

The garnet {Gdg}[Mng](GaGez)Oj2 is ferri- 
magnetic) with a Curie temperature of 8K and 
a 0K spontaneous magnetization of 9-6 up. How- 
ever in this case, because there are no magnetic 
ions in the d sites, antiferromagnetic interaction 
occurs between the magnetic ions in the ¢ and a 
sites. That is, unlike the cases in which there are 
substantial numbers of magnetic ions in the d 
sites, the moments of the a site magnetic ions are 
antiparallel to those of the c site ions. Thus we may 
expect that if the a and ¢ sites are essentially filled 
with magnetic ions the a—c interactions will get 
stronger as more nonmagnetic ions fill the d sites. 
However, it should be kept in mind that in 
{Gd3}[Mne](GaGee)Oj2, the Gd—O—Mn inter- 
action is indeed very weak. 

Now we may ask what the picture would be for a 
garnet such as {Gd3}[Mo](Feg)O2 in which M is a 
nonmagnetic ion. If we continue to expect, 
erroneously, that the iron sublattices will determine 
the Curie temperature we find the following result. 
From GILLEo’s theory, the calculated Curie tem- 
perature would be indeterminate. Furthermore it 
is found that the garnet { YCag}[Zr2](Fes)O12 1s anti- 
ferromagnetic or has a weak ferri- or ferromagneti- 
zation.’*) One should therefore look at the garnet 
{Gd3}[Mo](Fe3)O12 from a different point of view, 
namely that if there is superexchange interaction 
between c and d sites these two sublattices will 
have antiparallel moments. 

There is a further disturbing aspect of the treat- 
ment of the statistics of magnetic ion interaction in 
the rare earth iron garnets which is worthy of 
some discussion. In the rare earth iron garnets it 
appears that the magnetic rare earth ions interact 
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magnetically with the Fe*+ ions mainly because the 
ferrimagnetism is established by the strong inter- 
sublattices. Now 


action of the two Fe? ion 


in a substituted rare earth iron garnet, say 

{Gdgt{M,,Fes_,](M-zFe3_z)Oi2, there may be three 

types of ions (magnetically speaking) in the tetra- 
hedral sites: 

1) Those which are magnetically active, 1.e. 

10ns liy ked to two or more octahedral Fe? 

Fe**+ ions which are magnetically inactive, 

i.e. those linked to less than two octahedral Fe? 


10ns 


(3) Nonmagnetic ions. 


The treatment given above requires only that 
those magnetic rare earth ions linked to less than 
two tetrahedral Fe®* ions do not participate in the 
ferrimagnetism. That is, any iron ion of types (1) 
and (2) is suitable. Ouppose we were to consider 
type (2) ions as nonmagnetic. Depending on the 
amount of substitution and the site preference ol 
the nonmagnetic ions involved, reduction of the 
ions could be significant. 
al Fe 


rain Ng the 


number of active Gd 


Now the fi 


It active tetrahed: 10ns 


( NCE 


10n of 


is (1—Ky)[1—E;(ko)] = 9 


tribution the probability that a Gd: 


binomial < 


| with at most one of the magnetically 


1 +} | } ] | 
I ne aodecan 


ubstitution sites 


mome! gadolinium sublattice 


substitution or 
for- 


results very close to those ob- 


For small octahedral or tetrahedral 


for essentially tetrahedral substitution these 
mulae would give 


tained pections ind 3 
hand for 


formula in Section 


from the formulae in 


respectively. On the other cast 


Rp = 0, ki 


one obtains from the formula 


this Section obtains 14-45 wp, a very 


GELLER 


considerable difference. It is possible to investigate 
this situation and this is our intention. 
We may however look into the 
GdgAlgFeoQOy}> a little further. We deduced earlier 
that for this specimen with an observed moment 
of 10-2 pp has fi(=2/x) 0-62. 
figure and the formula in this section to calculate 


case of 


If we use this 


the moment we obtain for the net moment 4:8 zp, 
less than half the observed value. Further consider- 


ation indicates that if the observed moment is 


correct the formula in this section cannot account 
for the moment at all. There are of course some 
difficulties in determining moments of such 
specimens which show a high paramagnetic contri- 
bution at low temperatures and relatively high 
fields. 

Despite the indicated limitations the treatments 
appear to be valid thus far for a reasonably wide 
substitution range. Obviously many experiments 
remain to be done. We are planning to look further 


into the scandium and silicon substituted iron 


garnets, 


Note added in proof: Preliminary measurements on the 
system { Gds3}[Feo-yScy](Fe3)O12 indicate that the contri- 
bution to the spontaneous magnetization of the Gd* 
would be accurately given by the 


ion sublattice more 


appropriate formula developed in Section 5. 


It is a pleasure to thank Dr. M. A. 
results prior to publi- 
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Sb (0 < x <3) in the system sodium—potassium 


methods. The cubic compound NaekSb, 
f total composition which is 
multi-alkali’’ effect is 


Sb. Solid solution of 


range oO 


tructurally limited to 33 mole per cent. The method used to prepare 


ror! 


n the procedure used to form alkali antimonide photocathodes 


presented which indicates that the phases found in this investigation are also 


ited photoe lectric layers 


1. INTRODUCTION 
ulkal 

\f considerable interest because of thet 
The 


that 


MPOUNDS of the with antimony 


have been 


photoelec tric prope rties. early investigations 


sensitivity and 


the 


of GoRLICH® showed the 


ld increase with atomic 


wave length 


1 
dikKad 


thresho 


li met constituent. Evidence 


which shows that 


] 


treated layer emiconducting com- 


ound of composition CsgSb. JACK and WACHTEL®) 


nined the cry 
ally ordered structure based upon the 


stal structure of CseSb and found 
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the photoelectric properties of the 


crystal 
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ral Ve% ago 


compou structuré¢ 


Seve SOMMER“: 8) reported that 


photoemitting of sodium, potas- 
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composit¢ 
sensitivity and 


KeSb oO! 


ntimony have 
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hreshold wavele eth I eithe 


more efhcient than CseSb in the 


hemical analysis of the ‘“‘multi- 


li’? layers revealed that the composition of the 


Ld 


most sensitive layers is close to NasKSb. However 


considerably more sensitive than 
either KeSb or N: 
ratios of Na/K from 2:5 to ] 


SprceR’) has shown that the differences in photo- 


layers which are 


exist for mole 


ind ¢ 
il LO 


(). 


igSb are fo 


mission between NaoKSb and the binary sodium 


30 


and potassium compounds are the result of a much 
lower electron affinity for the former. He also 
showed that CsgSb has a larger band gap than the 
lighter alkali antimonides but its much smaller 
electron affinity accounts for the long wavelength 
threshold of photoresponse of this material. In this 
connection it is interesting to note that CsgSb has 
a crystal structure radically different from that of 
KeSb NagSb. The latter crystallize in the 


hexagonal NasAs structure. It therefore seemed 


or 


n investigation of the phases present along 
Nag_zK,Sb (0<x< 3) the 


that a 


the line in system 


sodium-—potassium—antimony would be of value 


in determining the relationship between crystal 
structure and photoemission. 

While our investigation was in progress SCHEER 
and ZALM"!) reported the preparation of NagKSb 
and the determination of its crystal structure. 
Indeed the compound has a crystal structure re- 
lated to that of CsgSb. Our results on this particular 
phase are in agreement with their findings but 
differ somewhat with regard to the method of pre- 
paration and the exact composition of this phase. 
In addition to a brief discussion of the work on 
NagKSb this report will present data concerning 
the nature of other phases present in this system 
and their relationship to the observed photo- 


emission of multi-alkali cathodes. 
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2. EXPERIMENTAL 

A. Preparation and handling of materials 

Samples were prepared by reacting stoichio- 
metric amounts of sodium, potassium and antimony 
in a stainless steel reaction vessel at temperatures 
ranging from 800 to 900°C. This method is similar 
to that used by BRAUER and ZinTL"®) in their in- 
vestigation of the binary compounds of the alkali 
metals with antimony. The use of different tem- 


peratures was made in order to minimize attack of 


the reaction vessel by the sample and at the same 


time ensure that a melt was formed. No noticeable 


corrosion of the container was observed for any of 


the compositions examined. The samples were held 


at the reaction temperature for 4 hr and allowed to 
cool at the furnace rate to room temperature over 
a period of 12 hr. The total weight of the sample 


was normlly 3-5 g. 


The above procedure differs radically from the method 
used to prepare photoemitting layers. The latter are 
usually prepared by reacting alkali metal vapor with an 
evaporated layer of antimony at temperatures below 
250°C. The high temperature method was chosen be- 
cause it was felt that a more crystalline sample of closely 
controlled composition could be obtained. The dis- 
advantage of this method lay in the possibility that 
metastable high temperature phases might be formed 
which would not be present if a low temperature syn- 
thesis were made. Evidence is presented later to show 
that such behavior had no basis in fact. 

The alkali metals and the reaction products were 
handled under paraffin oil, toluene or dry nitrogen. The 
success of the method was indicated by the fact that no 
oxide lines were observed in the X-ray powder diffraction 
patterns of freshly prepared samples. ‘The accuracy in 
weighing the alkali metals was limited to 0:5 per cent 
because of the usual complications involved with weigh- 
ing under an inert liquid. The accuracy of the weighings 
could have been held to a closer tolerance, but it was 
felt that this was not necessary since it is within the 
limits of the usual analytical methods for the determina- 
tion of sodium and potassium in the presence of each 
other. No chemical analysis of the samples was mad 
and the compositions reported are those of the starting 


composition. 


B. X-ray diffraction procedure 

For routine X-ray diffraction identification the 
samples were ground under paraffin oil and drawn 
up into 0-3 mm glass capillaries. Lattice constant 
data were obtained with filtered copper radiation. 
The lattice constant of NagKSb was obtained from 
the back reflection data using the extrapolation pro- 
cedure proposed by TayLor and SINCLAIR *), 
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Lattice constants for phases with the NagAs struc- 
ture are derived from the average values of the 
sin?é parameters used to fit the forward reflection 
data out to 6 = 42°. This was done since, in most 
cases, the back reflections were poorly defined. 

Accurate intensity data for NaoKSb were ob- 
tained with molybdenum radiation using the 
multiple film technique. For a phase of composi- 
tion NaKoSb, which had the NagAs structure, it 
was necessary to use copper radiation to avoid 
overlapping of reflections. These data were 
corrected for absorption with an angle dependent 
factor obtained by correlating intensity data ob- 
tained from both copper and molybdenum radia- 
tions using reflections which did not overlap. 

3. EXPERIMENTAL RESULTS 

\. Structure of NaxKSb 

The powder diffraction pattern of the phase of 
starting composition NasKSb contained only the 
lines of a face-centered-cubic lattice which could 
be indexed on the basis of a unit cell with a 
7:7235 + 0-0005 A. The results of the structure 
determination are in complete agreement with 
those of SCHEER and ZALM“!) but the experimental 
procedure differed somewhat. In order to obtain 
good agreement of the observed and calculated 
intensities it was necessary to apply an over-all 
1-01 A? to the calcula- 


temperature factor of B 
individual 


ted intensities. In addition 

1-70 A? and 1-95 A* were applied to th 
scattering factors of sodium and potassium, re- 
spectively. SCHEER and ZALM, who used a low 
temperature method to prepare their samples, did 
not find it necessary to make any correction for 


factors of 


atomic 


thermal effects. It is possible that our temperature 
factors take into account diffraction effects other 
than that of temperature. 

The density of NasKSb, determined pycno- 
metrically using paraffin oil as the displacement 
medium, was found to be 2-937 g/cm. This value 
is in good agreement with a density of 2-985 g cm? 
calculated for a unit cell containing four molecules 
of NaosKSb. The positions of the atoms in the 
face-centered-cubic lattice are as follows: 

4 Sb at 0, 0, 0 

4K at 1/2, 1/2, 1 

8 Na at 


+(0,0,0; 0, 1/2.1 





Wen 


e of NaokSb is given in 


t ( the ferro- 


structul 


y, CugMnAl. 


t in the system Na: 


B. Phases 
Three 


present in the 


Pross K Sb content. 


substitution of potassium for sodium takes place. 
The lattice constant changes from a 7:7235 4 
0-0005 \ for NasKSb toa 77-7447 0-0008 A for 


Nay.95Ky.95Sb. The limit of solid solution was deter- 
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mined from the break in a plot of lattice constant vs. 
composition. From WNaj.95Ky.955b_ to 
mately NaKeoSb the face-centered-cubic 
alkali phase saturated with potassium and a solid 
solution of NagSb in hexagonal KgSb exist in pro- 
portion to the starting composition. From NaKaSb 
to KgSb mutual solubility of NagSb in KgSb was 
found. A diagram of the phases present as a func- 


approxi- 
multi- 


tion of composition is given in Fig. 2. The limit 
of solubility of NagSb in KgSb was determined 
from a plot of the cube root of the unit cell volume 
vs. composition. This, to be sure, is not sufficiently 
accurate to determine the limit of solubility, but 
this “‘observed”’ solubility 1s in excellent agree- 
ment with the limit of solubility predicted by the 
crystal structure determination discussed below. 
The ordered solid solution NaKeSb 

Although the solid solution of NagSb in KsgSb 
might have been expected changes were found in 
unit cell dimensions which were very surprising. 
In going from pure KgSb to NaKoSb, an increase 
in the c axis takes place which is counterbalanced 
by a large decrease in the a direction such that a 
nearly linear relationship exists between com- 
position and the cube root of the unit cell volume. 
The lattice constants for KsSb are a 6:025 A 
C 10-636 A; those for Napg.g9Koe 915b are @ 
5-610 A, ¢ 10-932 A. An increase of the ¢ axis 


upon addition of an ion of smaller radius appeared 


) 


to be contrary to normal behavior but might be 
accounted for if the exact nature of the substitution 
could be determined. 

A sample with a 
Nag-99Ko.9;5b was selected for X-ray analysis. All 


starting composition 
calculations were made on the basis of a unit cell of 
composition NaKoSb. An 
powder diffraction patterns of NagSb, KsSb and 
NaKoSb indicated that no radical changes in the 
atomic positions had taken place, and that to 
assume substitution of sodium for potassium in 
KsSb would not be unreasonable. The positions 
of the atoms in the NagSb type structure®®) are: 


examination of the 


2Sb in (c) 1/3,2/3,1/4; 2/3,1/3,1/4 

2M in (b) 0,0,1/4; 0,0,3/4 

4M in (f) 1/3,2/3, 
? 


1 /3,2/3, 


alkali metal) 
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Three types of substitution were considered Table 2 gives a more refined comparison of the 
which yield the following arrangements: observed intensities and those calculated for the 


ordered structure. An _ over-all factor of 
(I) An ordered structure in which sodium 


atoms occupy the (6) position and potas- £ oe 
é Table 2. Observed and calculated intensities 


sium atoms are at (f/f). é ees 
for NaKeSb with an ordered structure 


(11) A partially ordered structure in which 
potassium occupies the (b) position and 
equal amounts of sodium and potassium hkl 
are at (f/f). 


ca ; os 002 
(III) Sodium and potassium occupy positions 


ee eee 100 

(b) and ( f) in a random fashion. 101 

. ‘ : 103 

A comparison of observed and calculated intensi- 110 
ties is given in Table 1. The crude record of 

004 

112 

200 


Table 1. Observed and calculated intensities for 201 
possible NaKoSb structures 203 


observed intensities given in this Table is suffici- 


105 


Partial y 114 
Or 44 Jisor¢ ; 
hkl mes “se Order ! ; gy 210 


006, 211 
106 
002 
100 of : 2 213 
101 50- “! 205, 300 
103 Z . 302 
110 5 
004 
112 
200 
201 
203 
105 
114 
210 

006,211 
106 
213 


205, 300 


i) 


MM eh > 


to 
+ x 


WO bd 


ently accurate to distinguish between the three B 1-78 A? was applied to the calculated inten- 
calculated structures. One need only examine the _ sities. Excellent agreement between observed and 
three sets of reflections (002,100,101), (112,200) calculated values of intensities is found in all cases 
and (105,114,210) to see that the ordered structure except for the 004 reflection. This can be accounted 


(1) is the correct one. for if one admits to the presence of a small amount 


( 
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NaeKSb in the sample since the 004 reflection 


of NaKoSb and the very strong 220 reflection of 


NasKSb have nearly the same interplanar spacing. 
No other lines of Naso2KSb were observed. A unit 
cell of this material is shown in Fig. 3. 


4. DISCUSSION 
\. Structural aspects 
Fig. 1 is 


alkali 


it cell of NaoKSb, shown 1n 


ar to that of 3-LigSb. 10) The 


antimony positions are the same in both 


uctures. However in NasoKSb 


an ordering of the 











it cell of NasKkSb 


ted 1 4 of a cell ] 


tal itoms tak« S place So that sodium and 
not mixed in the same positions. In 
vain utilize the 


same positions 


ntis such that a partially ordered 


McCARROLL 


In NasKSb each atom has eight nearest neigh- 
bors all at 3-34 A in a cubic coordination. Sodium 
has four antimony atoms and four potassium atoms 
as nearest neighbors. Potassium and antimony are 
both 
addition, antimony is octahedrally coordinated by 


surrounded by eight sodium atoms. In 
potassium atoms 3-86A distant. This distance 
compares favorably with the calculated values for 
K-Sb 3:78 A for ionic bonding and 
3-83 A for metallic bonding. The observed Na—Sb 


bond length does not deviate seriously from the 


bonds of 


value of 3-50 A calculated for ionic bonding and 
that of 3-41 A for metallic bonding.“4: 15) One 
concludes, therefore, that this structure allows the 
sodium and potassium atoms to form an ordered 
compound with antimony without causing large 
deviations from the normal alkali metal—antimony 
bond lengths. Mixing of sodium and potassium on 
the available alkali metal sites is not to be expected 
since it would result in rather large deviations 
from the normal Na—Sb and K-—Sb bond lengths. 
Although 
sodium does take place in this structure, the fact 


some substitution of potassium for 
that the range is quite limited would seem to 
support the above argument. It appears that what 
SCHEER and ZALM"!) observed was actually the 
multi-alkali phase saturated with potassium. 
The NagAs structure found for NagSb and KgSb 
is much less symmetrical than that of NagKSb. It 
consists of a hexagonal packing of antimony each 
of which has eleven alkali metal neighbors. Of these, 
three are at a short distance d), (Table 3) two more 
are at an intermediate distance d» and six are at a 
somewhat longer distance dg. The coordination of 
the alkali metal by antimony takes two forms; one is 
planar triangular with bonds of length dj, the other 
is a distorted tetrahedron made up ol dy and dg 
bonds. In the binary alkali metal-Group VB com- 
NagAs structure, the c/a 


pounds with the ratio 


does not deviate more than 1 per cent from the 
average value of 1-771. However in NaKoSb the 
c/a ratio 1s 1-948. This 


formation of more nearly regular tetrahedra of 


“‘distortion’’ results in the 
antimony about potassium than are found in KgSb. 
Because antimony has such an irregular elevenfold 
coordination it is difficult to make meaningful 
observed and 


alkali 
| 


metal—antimony bond lengths. However the over- 


comparison of calculated 


all effect in NaKoSb is to yield a set of alkali metal 


antimony distances which are more consistent 
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within themselves than is found in either NagSb 
or KsSb (Table 3). 

The fact that sodium can substitute only in the 
twofold position gives an adequate explanation as 
to why the solubility of NagSb in KgSb extends 
only to NaKeSb. Further substitution of sodium 
would result in extremely long Na-—Sb lengths. 
Actually, the observed limit of solubility appears 
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B. Relationship of the phases to the observed photo- 

emission 

Although it was not possible to measure the 
photoemission from the phases prepared in this 
study, a definite relationship between the phase 
limits and the photoemission is found. The face- 
centered cubic phase NaoKSb was found to pre- 
dominate in the range of composition shown by 


Table 3. Bond lengths in phases found in the system Nag_,K,Sb 


K3Sb* 


Na-Sb 
Na-Sb 
Na-Sb 


K-Sb 
K-Sb 
K-Sb 


Na-Na 
K-K 
Na-K 
Sb-Sb 


NakKoSb NazkSb 


-24 (3) di 3°34 A (8) 


MmwmWwwun 


The numbers in parentheses refer to the number of alkali metal atoms of this type about 


each antimony. 


* Data for Na,Sb and K,Sb are those of BRAUER and ZINTI 


to be a little less than 3 
tioned previously, a small amount of NazKSb 


3 per cent since, as men- 


appears to have been present in a sample of starting 
composition Nap.ggKe.915b. 

It is interesting to note that the phases present 
and their limits of formation can be correlated in a 
logical fashion with their crystal structure. The 
type of phase formed appears to be primarily de- 
pendent upon the restrictions placed upon the 
alkali metal—antimony bond length by the crystal 
structure. The distance between alkali metal atoms 
will therefore vary because of the above restrictions. 
Thus the cubic NagKSb forms at that composition 
because the Na—Sb and K-Sb distances are closer 
to the ideal than would be found in the NagAs 
structure. The solid solution of sodium in KgSb 
actually relieves some of the strain in K—Sb bonds 
but ceases at the point where further substitution 


of sodium would result in long Na—Sb distances. 


SOMMER": 8) to be the region of high photosensi- 
tivity. Further evidence that NagKSb is the photo- 
sensitive phase was found by correlating this work 
with a previous unpublished study of the X-ray 
powder diffraction patterns of samples taken from 
16) 


evaporated layers of multi-alkali photocathodes. 


A great deal of difficulty had been encountered in 


interpreting the results of this study because of 


experimental problems and the lack of supporting 
data. Of the several samples examined only two 
had well-defined powder patterns and at the same 
that had 


prese nt 


oxidation 


the 


time gave no _ indications 
occurred. The data gathered from 
study lead to a reasonable interpretation of the 
results from these two layers which can be sum- 
marized as follows: the diffraction pattern of an 
insensitive layer of high potassium content con- 
tained no lines attributable to NasKSb but did 
and 


contain lines corresponding to antimony 
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(Na,K)KoSb. The diffraction pattern of material 
taken from a sensitive layer contained lines cor- 
responding to antimony, K3Sb and NagKSb. Of 
these phases only NaeKSb could account for the 
high value of the observed photoemission. 

Because of the lack of sufficient data on evapor- 
ated films it would be premature to draw any 
definite conclusions about them. Although a per- 
the 
found the significant observation 
the multi-alkali phase, NagKSb, 
the sensitive layer but was not 
A more exhaustive 


fect correlation between results of the two 


studies was not 
that 


as ™m ide 


insensitive layer. 


was pres¢ nt in 
] 
ul 


found in the 
study of the evaporated layers 1S planned for the 
future. 

No ¢ xplanation exists as to why such a composite 
compound as NasoKSb should be a good photo- 
itter. However two important differences in the 
structures of NaskSb and the 

nsitive NagAs types are noted. One of these is 
a structure of higher symmetry 


em 


phote electrically 


results 1n more regula coordination poly- 

cond feature is that the Na—K bond 

are considerably shorter in NagKSb than 
in NakoSb One 
might also note th in the structure of 


Csg5b and NasKSb. Unfortunately it is not possible 


and their frequency is greater. 


similarity 


evaluate the electron implications of these 


ne : ‘ . 
differences on the basis of the existing theory of 


photoemission 


McC 
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Abstract—The nuclear magnetic resonance of 


Tal8l has been observed in tantalum metal. The 


sample was a stack of high purity foil which was degassed and annealed. No resonance was observed 


in tantalum metal powder. 


IN TANTALUM metal, which has a body centered 
cubic structure, the strength of the nuclear mag- 
netic resonance absorption can be greatly reduced 
by the presence of strains or interstitial impurities 
because of the very large quadrupole moment of 
the only stable isotope 'T'a!8!. The fact that the tan- 
talum metal resonance has not previously been 
observed is most probably due to the large affinity 
of tantalum for the interstitial elements oxygen, 
nitrogen, carbon and hydrogen. 

Recent measurements on the superconducting 
properties of tantalum” along with careful degass- 
ing procedures®) showed that by reducing the 
total amount of interstitial contaminants to be- 
tween 10 and 50 p.p.m. one could obtain almost 


ideal superconducting behavior. Both the resistive 


and flux transitions for superconductors are very 
sensitive tests for the presence of microscopic 
irregularities within the metal. It is clear from the 
work reported here that the nuclear magnetic 
resonance of ‘T'a!8! is also very sensitive to micro- 
scopic irregularities. 

Initially samples of tantalum powder? of 


* Supported in part by the Department of Defense 

+ Now at Watson Research Laboratory, 612 W. 115 
St., New y ork, New York. 

+ The tantalum powder and foil was obtained from 
the National Research Corporation, Cambridge, Mass 


mesh were prepared by heating to about 1500°C 
in a moderate vacuum of about 10-6 mm. Hg. 
Since for all the interstitial impurities the solu- 
bility decreases and the mobility increases rapidly 
with increasing temperature it is desirable to reach 
as high a temperature and as low a pressure as 
possible in degassing the powder. It was not 
possible under ordinary conditions to reach as 
high a degassing temperature with the powder as 
with bulk specimens since marked sintering of 
the powder begins at about 1500°C. Several pow- 
ders were treated for different periods of time and 
at different temperatures in an effort to minimize 
this sintering tendency. A search for the resonance 
was unsuccessful in all of the powder samples. All 
of the nuclear magnetic resonance measurements 
room with a Varian 


were made at temperature 


wide-line spectrometer and Varian 12” electro- 
magnet.§ 

A quantity of foils about 1/2 mil thick and 3/16 
in. in width were prepared by the degassing pro- 
cedure employed in the superconductive studies, @) 
The foils were heated in vacuum at 2500 to 2800°C., 
The ultimate pressure after about 50 min of heat- 
10-7 mm of Hg. The 
limited by the 


ing was approximately 6 » 


a 


total heating time was usually 


$ These measurements were made at the National 


Bureau of Standards 
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failu f the foils. After degassing the foils were 


coolk to avoid recontamination by 
residua 

a field 
The flux 


mode. 


at 6-092 Me's in 
oil sample. 
he dispersio1 
is about 15 G and the 


drift in the base 


alum meta 


ve balance. 


assembling the foils 


of the line width. The 


ts for most 


mome! the line as calculated from 


broadening is only 2:65 G ratio of 


cy to field is to that of 


( al8l in K’TaQg wl would 


t 6-023 Vic's in the same field 


KNIGHT shift ired as 


to the 


his field the was mea 


, 1 
K'TaQOsg resonance and 


] 


yt the broad reson- 


value of 1-9 pe 


LAWRENCE H. 
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cent using the hyperfine coupling constant for 
1a 4. 
degree of ionization by dividing a(s) by an assumed 
correction factor of 1-43. If we use MuURAKAWU’s"®) 
value of a(s) 0-235 cm~! for 
value of the moment, the KNiGuT shift is estimated 
to be 1-4 per cent. The penetration depth at the 


a(s) = 0-405 cm~! and correcting for the 


Ta I and the new 


highest frequency observed was at least 4 times 
the foil thickness and no correction was made for 
absorption loss shifts in the measured dispersion 
mode. 

It would seem that small dimensional wire or 
foil specimens can provide material with the high 
purity and low strain content needed for resonance 
studies on materials having large quadrupole 
moments. The foils offer considerable advantages 
over powdered specimens where sintering limits 
the temperature at which degassing and annealing 
may be done. 

A more complete study of the metal resonance 


is underway. 
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Abstract—Finite-rotation operators are used to simplify the calculation of second-order, crossover 


transitions for a spin 3/2 system with trigonal symmetry. The resonant frequency and 


3/2, —1/2 crossover transition with negative D (or 1/2, —3/2 with positive 


transition 


probabilities for the 
D) are calculated. 


‘THE PROCESS of three-dimensional rotational trans- 
formation of irreducible functions is well under- 
stood and analytically simple to describe. How- 
ever, the use of three-dimensional finite-rotation 
operators as aids in the solution of problems en- 
countered in paramagnetic resonance has not won 
the favor that it deserves. The writer has found the 
method very powerful and instructive for under- 
standing the behavior of paramagnetic systems, in 
particular, as the magnetic field is changed in 
orientation with respect to the crystalline sym- 
metry axis. For example, one is interested in how 
rapidly the transition probabilities increase as the 
magnetic field is changed from the magnitude or 
orientation for which transitions are forbidden.) 
A similar problem is that of understanding the 
behavior of a paramagnetic system under conditions 
of magnetic-field orientation and magnitude that 
are such that the energy levels cross or nearly cross. 

In order to illustrate the value of the method, 
the last problem is given as an illustration of the 
power and usefulness of the three-dimensional 
rotational operators in paramagnetic systems 


Consider a Hamiltonian 
H ¢, BoSzH.-4 
+g fod (S H-+ S_H*)-+4 D[ Sz L S*]. 
This is the expression for a paramagnetic-spin 


This work was supported in part by the U.S. Arn 
(Signal Corps), the U.S. Air Force (Office of Scientific 
Research, Air Research and Development Command) 
and the U.S. Navy (Office of Naval Research) 


energy with operators expanded in components 
along the crystal symmetry axis (higher than 
orthorhombic). Now consider the effect of chang- 
ing the reference axis to a general direction, making 
an angle 8 with the crystal axis in the x—z plane. 
This is still a general direction with respect to the 
crystal, since this plane will be defined only (in- 
directly) by the magnetic field components H 

" he transformation may be carried out in two ways 
that are equivalent. The irreducible function 
forming the Hamiltonian can be transformed by 
transformation 


the three-dimensional rotational 


operators, D!”"’"’ (x, B, vy), where / is the rank of 
] / 


the tensor operator. Or, the Hamiltonian matrix 
can be transformed by 


Dm™'(a, 3, v) Vy, D@™ (a, 


where SS is the dimensionality of #. Since, in out 
we may represent a general rotation with 


reduced 


Case, 
rota- 


work with the 
(8). We illustrate the operator 


y O, we 


/ 


may 
tion operators d! 


e ° ] 
rotation because we can obtain our resu 


simply.) 
We have functions of rank 1 (vector) in the 
and of rank 2 in the [,S2 


ponents A es 


rties 


term. This term has the transformation propé¢ 
al () v\. mn 
of T."(.S). Thus 


* j” » 0 3) Tim (S). 


If we this transformation, using the 


explicit values given in Table 1, we find that 7 


perform 


“0 
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Table 1. Irreducible tensor operators and their finite-rotation operators 


equivalent functions 
| 


sin-6)(S 


COS 3H 
sin PH 


sin-) )bas Ho 
cos 6 sin SHolS 


VS 


\ 


} 


S=) 


antization axis 


+1H 


| J) + sinB cos LS (S 


| D sin28[S7+ S*]. 


It is interesting to note that in the more general 
case when the magnetic field makes an arbitrary 
angle @ with the crystal axis, the axis of quantization 
making an angle 8 with the crystal axis as befure 
and remaining in the plane determined by it and 


Le =4 


the magnetic field direction, we have 
H 0, H Ho cos @, and 
H++H 2H sin 6 
cosB cosé+g, sinf sin @)BoS,Hp— 
cos @sinB—g, cosBsin @)BpHo(S 
+ D(1— 3 sin?8)\.S7— 12) 
} D sin > cos B[.S 
+(S.+S_)S,]+ 4D sin2s[S+ S?]. 
In a particular case we may choose @ so as to 


make the (+4 L) matrix element equal zero. 


The D term is zero between these levels, since 


cS SS S.(2S,—1), and vanishes for 
2S,—1 0. or for S +4. Similarly, the 


S,S_+.S_S, term must vanish. Such a transfor- 
mation is of particular use in examining the per- 
turbation between Am + 2 levels because the D 
term then gives the coupling as a direct term be- 
tween the levels of interest. The angle 6 is there- 


fore chosen so that (g, cos @sinB—g, cos f sin @) 
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= 0, or tan @ = g,/g, tan 8. We eliminate 6, and #3_, term is left untransformed. Thus 
remember that f is only approximately the angle WLW 

, Ae . . HW = (H' 
of the magnetic field with respect to the crystal y=} 


axis, to obtain 1 a 
‘:PoSzHo+ D(1— 3 sin28)\(S?— 4S: 


—- } Dsinf cos f[S,(S,+ S_)4 


+4Dsin2p[S;+S 


where 





When it is evaluated with the usual matrix elements 


ENERGY 


for a representation in which S? and S;, are diagonal 

this Hamiltonian operator yields the matrix 
—_ v 3\. 

(for (Sz)max = 2): 


(#[2]) 





MAGNETIC FIELD 
9,, By H 
lol 
Fic. 1. Energy vs. magnetic field for @ 


where 


3 2’ Bolo where 


W 5.3 = (1— } sin?s)D + 
H —(1— 3 sin?8)D+ 1 g| BoHo 
WH 423 = F+/(3)D sinB cos f 
v (3) 


D sin28. 


“a 13 


For negative D and f 0, the energy levels are as 


2 } cross- 


given in Fig. 1. We notice that + 3 and 
over at g SoH = |D\. For finite B, these levels are 
strongly coupled by #3_1 and #_ 3 in the region 
of crossover, so that we can now solve directly for 
their eigenstates. 

Since the +4 and —? levels are remote, we re- 
move their off-diagonal elements with second- This transformation can be carried out explicitly 
order perturbation. This is equivalent to applying in a well-known fashion, by forming the secular 
a contact transformation, W, to(#) to reduce the determinant from (#), and then the off-diagonal 
magnitude of these off-diagonal elements to elements are reduced by the process of adding 
HW A (A 4-H ;;). For the levelswith large ,-4% j;, | rows and columns.) 
this reduces the element to insignificance. ‘The We now have a 2x2 matrix to solve explicitly. 
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The diagonalizing transformation TJ is written with 


all generality as 


The angle us is determined by requiring that the 
TAK'T be 


diagonal. The eigen energies are: 


(T-! LW WT) 


and the transformation 7 is defined 


2H 3 


For transition probabilities we must rotate the 


rf perturbation operator which is expre 


in terms of components on the crystalline 


gle 8. Hence 


o5,H In( H , Ss A, 


j 


] 
sidered 


We hay CO! 
field Ho. Its mat 


this operator for the stati 


rix 1S 


STRANDBERG 


where 


5 Bo(cos Bg H-y7;+ sin Bg Hzrf) 


1 Bo(cos Bg ,Har¢+ sin Bg , Hers) 


Bol —g , sinBHarz+ 


Y cos B(Hzr¢+tH yrs) | 


v (3) 
Bol —g, sin BH2zrs4 


+ 9 cos B(H x4 _ 1H y,¢)| 
sin BHzrp+g, cosB(Hz;¢+1Hyrs)] 


S 


sin BH ory TL cos B(H xr - tH yr7)|. 


We now want to transform the 4% +7 matrix by TW. 
We neglect W as a small effect and only apply T 
because the matrix elements of 7 are of the order 
of 1, while those of W H 4; 
(H H ;;), and 


ii 


are of the order of 


which is less than 4/3 sin f 
negligible for small 8. The inclusion of W would 
correct the intensity by a term of the order of 
sin28 at most; there would be no difficulty in carry- 
ing such terms at this point if it were desired to do 
sin us, we 


so. | sing the notation c cos uw, s 


obtain 


C931 


Since the transition probability between levels 


and j is proportional to 
p)islA rp )ii Hy fii 


the transition probability between the +3 and 


levels will be proportional to 


cos 3H fg, 81a 3 vy ¢)|? F, 


sin 2uh( g 
We collect these results by indicating their in- 
For the >, —4, the 


energy difference is 


terrelationships. transition 


9 
2 
Ss) 


[(#; 1)? +4H 1} /2. 


22 
ro 
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Hence 


E31 = 


24H 3 1(cot?2ys + 1)1/2 = (£31)o(cot?2+ 1)1/2 


(zg, cosBHz-¢+2, sin BHz,s) 
P = 
(1+ cot?2,s) 

Here, P is a resonance type of function, having its 
maximum at the minimum value of the energy 
difference (the closest approach of the +3, —} 
levels). This maximum of P is independent of the 
minimum value of (£31)9 and has its maximum value 
with the radiofrequency field aligned with the static 
magnetic field. 

The dependence of £3; and P on magnetic field 
and angle is described by 


vV (3) 


(E31)0 = D sin?B at Ho = Hor 


where Ho, is the magnetic field for the minimum 
transition frequency. 
CO 


fo) 
tan@ = 


oO 
} 


tan B 


sin4B 4 
a 


l 
2’, BoHo — D 1 ao : sin2B 1 


22" Bo( Ho — Hoy) 


cot 2b = 


V/(2)D sin?B 
22 Pol Ho — H,) 


E3, = (£31)o| 1+ 
\/(3)D sin?8 


) 


(g Bo cos BH, fTLZ Bo sin Bil x f)- 
- / ay 6 
2g Bo( Ho = Hor) 2 


\/(3)D sin2f 


P 


COMMENTS 
The results that have been summarized are of 
particular interest for studying paramagnetic- 
resonant transitions that occur at low frequency, 
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but do not arise from a + } Kramers doublet. Such 
transitions are of interest in low-frequency acous- 
tic saturation experiments.) 

These results also indicate that even in the 
absence of internal fields, such as those arising 
from dipole-dipole interactions, in the limit of 
perfect alignment of the magnetic ‘ield with the 
quantization axis, there is still an interaction be- 
tween the crossover levels which has the form of a 
delta-function at the @ = 0 point. This interaction 
extends over a finite magnetic field interval when 
internal fields such as dipole-dipole fields are con- 
sidered. In that case, the magnitude of the angle 0 
is uncertain by an amount measured by the ratio of 
the internal field to the applied field, (<62>)!/2 
(AH)/(2Ho). It can be seen that there will be a re- 
pulsion of the crossover levels because of this 


irreducible uncertainty in the value of 6, even in 
the region where the mean value of 6 over all ions 
equals zero. This would imply in the case of ruby, 
for example, that the +3 level will be mixed with 


the 1 level in the crossover region, no matter 
how accurately the external field is oriented with 


respect to the crystal axis. 
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Abstract 


crystals suggest that oxygen occupies an 


IT 1s NOW well established that silicon crystals can 


] 


contain considerable amounts of oxygen as an 


impurity.“) The maximum solubility was found 
to be 1-8 x 1018 


suggested that the oxygen atom occupies an inter- 


oxygen atoms per cm*.@) It was 


stitial lattice position while being bound to two 


adjacent silicon atoms.) This model received 


strong support from the work of HRrostowski ef 
al.4) who studied extensively the infrared absorp- 
the silicon—oxygen molecular 


tion spectra ol 


vibrations. The electrical neutrality of oxygen in 
silicon and the fact that the diffusivity of oxygen 


in silicon® than that of other substi- 


tutional impurities were in accord with this inter- 
SMAKULA ef al, 


lattice constant (using a powder technique) of one 


stitial picture. compared the 
by the floating zone tech- 


000002 A) with the lattice 


silicon crystal prepared 


nique (ao 5-43075 
constant of silicon crystals which were pulled from 
was contained in a crucible 


0Q-00002 A). These latter crystals 


a melt which 


(ay 5 43072 t 
are known to contain oxygen 1n varying concentra- 
tions. Frequently an impurity content of approxi- 
mately 1018 oxygen atoms per cm? is found in such 
crystals. The oxygen contaminated silicon was re- 


ported to be less dense than the oxygen free 


material,“) by several parts in the 6th decimal 


(g/cm*). From the decrease in lattice constant and 


density of the oxygen rich material the authors 


draw the conclusion that oxygen occupies a sub- 


stitutional lattice site in silicon. 
Since the conclusions of SMAKULA are at variance 
with the conclusions from optical and other physical 


data, we have reinvestigated the density and, with 


Lattice constant and density studies on oxygen free and oxygen doped silicon single 


interstitial lattice site. 


greater precision, the lattice constant of silicon well 
defined particularly with respect to its oxygen con- 
tent. It is essential in these studies that material of 
high purity be used and that the impurity under 
consideration is introduced in a known manner. 
The only impurity known to be present in our 
material was boron in a concentration of 101% boron 
atoms per cm?.() The same silicon was used for 
the oxygen free and oxygen enriched specimen. 
A single-crystalline rod of silicon was prepared in 
a floating zone system in a vacuum of better than 
Hg Without removing the 


crystal from the system several centimeters of the 


10-? mm pressure. 
rod were regrown in an ambient of 1 atm of oxygen. 
In this way the maximum solubility of 1-8 x 1018 
oxygen atoms per cm® is introduced into this part 
of the cry stal. (°) 

The lattice constant measurements were made 
on single crystal plates cut from this crystal. A 
high precision crystal spectrometer was used in 
which high orders of reflection are observed on 
both sides ot Zero. The circle reads to one second. 
By reading crystal positions instead of reflection 
directions, errors due to eccentricity and absorption 
as well as radius error are minimized. This is not 
the case with powder methods. ®) 

Our results, computed for 25°C and assuming 
the wavelength of Cu Ka; X-rays as 1-54050 A are: 


0-000010 A 
0-000007 A 


5-4307104 
5-430747 4 


Vacuum grown, ao 
Oxygen grown, ao 


These data show a distinct zncrease in lattice con- 
stant for oxygen rich specimens. 


For an interstitial impurity the fractional 
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change in density is given as: 


Ap AM Aa 
- = 3 


o M a 


The relative change in mass AM/M corresponding 
to 1-8 x 10!8 additional oxygen atoms is 


AM 1-8 x 1018 x 16 


= 20-6 x 10-6; 
M 5 x 1022 x 28 
the relative change in volume obtained from the 
X-ray data is: 3Aa/a = 20.4 10-6. Therefore for 
interstitial oxygen Ap/p is 0 2 x 10-®. 
For silicon containing oxygen substitutionally 
a lattice contraction is anticipated since the Si-Si 
distance in the silicon lattice is 2:3 A, while the 
Si-O distance is only 1-6 A. If we assume that (for 
an unknown reason) the lattice expands in accord 
measurements then one calculates a 


with our 


change in density due to substitutional oxygen of 


1-8 x 1018 16—28 
~ 20-4 x 10-6 


5 x 10° 28 
- 36 x 10-6 


Thus a substantial decrease in density would re- 
sult. Our density measurements using a suspension 
technique in a temperature gradient column indi- 
cate that Ap/p is less than several parts in 106 
(corresponding to the limit of sensitivity of the 
equipment). 
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For the lattice expansion observed, our density 
measurements are in agreement, therefore, with 
the change in density expected for silicon in which 
oxygen is interstitial, Our results are in accord 
with the results of optical studies and the physical 
properties mentioned above. All these findings 
indicate that oxygen occupies interstitial sites in 
silicon. 
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Abstract 
ihe irrz 


low temperature 


irradiation 


rious explanation 


INTRODUCTION 


IN stuptgs of radiation damage in solids, 


the con 
cept of the thermal spike has been employed Ire- 
quently to explain a variety of observed effects. In 
tact, 
produced 


materials 


there 1s now strong evidence that spikes are 


during t irradiation of 


he neutron 


2 
3) 


containing fissionable elements. 
during the fission 
ot 
primary knock-on atoms which are produced during 


ot 


it has proved to be more difficult to 


Howe vel he energy released 


process 1S large compared to the energy the 


similar irradiation nonfissionable materials. 


demonstrate conclusively that the thermal spike 


occurs during the irradiation of the 


\ | 


adiation-induc ed 
SIt1Vé 


phenomeno! 


latter n phase change 
the 


have 


mechanism fo1 testing 


SPT 


spike hypothesis, and several investigators 
I i _ 


1.5.6) 


performed experiments relying upon this fact. 


rt the sent 


j 


i, 


note to report 


It is 1 rpo ( on 


pre 
nother experiment of this kind, this one involving 
of gi 
is stable below 13:2°C) 
| 1 t] 
experiment of this kind the question of 
to be 
tem 


thre 


nsformatio1 ay (a-) tin to white (f-) 


in { . In per- 


the gray phase 


Tormil g 


irradiation ought 


temperature 


the 


lation 


j 
i€ 


transforn 

consider 
attainable in 
1 the 


U 


are 


temperatures (aroul liquid 


nitrogen boiling point), intermediate temperatures 


* re 


atory, New York 


Upton, 


ised 18 May 1960) 


or in an effort to produce white tin as a result of 


idiated powder was compared to an unirradiated 


No significant change was found in the 
The implications of this result for the thermal- 
for the experimental results are offered 


( 30° ¢ 


phase transition. The low temperature irradiation 


to —60C), and temperatures near the 
is a poor choice because the thermal spike may not 
heat the sample above the transition temperature 
even if this temperature is depressed momentarily 
because of its pressure dependence. In order to 
choose between the two remaining temperature 
ranges one must consider not only the transforma- 
tion temperature, but the temperature dependence 
of the white-to-gray tin growth rate as well. It has 
been well established for this phase transition,“ ) 
that the growth rate decreases rapidly as the trans- 
formation temperature is approached, This is a 
of the 
difference between the two phases, this difference 
} 


i11@ 


consequence decrease in the free-energy 


being t driving force for the transformation. 
Therefore, as the temperature is reduced below 
13-2°C, the driving force increases. At the same 
time, however, the temperature becomes low com- 
pared to the heat of activation, thereby tending to 
decrease the growth rate. These two competing 
processes lead to a bell-shaped curve of growth 
rate vs. temperature which has a maximum occurr- 


(°C. Thus, if the sample 


>) 
4 


ing at approximately 
were irradiated in the intermediate temperature 


ny, 


range, then, upon cool the temperature of the 
transformed region would be near that at which the 
white-to-gray transformation rate is a maximum 
and reconversion would be favored. Finally, let us 


considet 


the temperature range around (°C. This 
temperature is close enough to the transition tem- 
perature that a considerable volume of the sample 


will be heated above 13:2°C by a thermal spike. 
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Furthermore, the transformation rate at 0°C is so 
low that a great deal of white tin should be retained 
for a long period of time following its formation. 
These arguments suggest that an irradiation of 
gray tin near the transition temperature should 
offer the best opportunity for successfully observ- 
ing thermal-spike production in this material. 
Accordingly, the experiment was carried out at 
0°C. The details will be described in the discussion 


which follows. 


THEORY 
(1) Thermal sptke 
Descriptions of the thermal-spike process have 
appeared in works by Brooks) Seitz 
KOEHLER"®), DIENES VINEYARD“), 
among others. Following the latter authors, one 


and 
and and 
can calculate the volume fraction of a gray tin 


sample whose temperature would be raised 


momentarily above the a<—-+f transition tempera- 
ture by thermal spikes during neutron irradiation. 
Such a calculation necessarily is based upon a 
number of assumptions, perhaps the primary one 
being that the lifetime of a thermal spike is long 
enough to permit a phase change to take place. As 
an approximation to reactor irradiation, it is 
that the incident upon the 
sample possess an effective energy of 1 MeV. It is 
postulated further that a spherical spike is pro- 
duced by each primary knock-on tin atom; the 


assumed neutrons 


energy in each spike is taken to be 16 keV, the 
mean kinetic energy transferred to a tin atom by a 
1 MeV _ neutron. 
mentioned authors only the lattice thermal conduc- 


As suggested by the afore- 


tivity of the z-tin is considered to be significan 
when one is investigating the thermal-spike pro- 
cess. Although no data are available for x-tin, one 
may estimate its thermal conductivity from the 
data for germanium and silicon;“?) doing so, one 
finds that a value of 0-1 ape ee oe 
probably a good approximation in the temperature 


cal sec-lcm 
range of interest. This leads to a thermal diffusion 
constant much greater than that of a metal such as 
copper, for example. This in turn results in a 
thermal spike which spreads more rapidly than in 
copper to a larger region than it would have occu- 
illustrate 


~ 


pied in that metal. Figures 1, 2 and 3 


these points for three cases: (1) a Cy lindrical spike 


in a sample whose ambient temperature, 7, 1s 


80 K, (2) a spherical spike with 79 80°K, and 
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(3) a spherical spike with 7) = 273°K. The curves 
in Fig. 3 suggest that if one assumes a sphere 
radius of 200A then in a flux of 1011 nV about 1 per 
cent of the volume of a gray tin sample will trans- 
form to white tin during a one day irradiation. It 


Fic. 1 ylindrical ther- 
mal spike in gray tin at various times for an initial tem- 
of 80°K.The thermal diffusion coefficient was 


taken to be 0°46 cm? sec 


Temperature distributions in a ¢ 


perature 
re leased pe! 


keV A 


, and the energy 


unit path length was assumed to be 0-17 


‘Temperature distributions 1 
ke in gray tin at various times for an init 
ture of 80°K thermal diffu 

be 0°46 cm? 


at time = VU was 


31i0n coeft 
, and the energy 


} 
assumed 


is worth emphasizing at this point, 


of the thermal conductivity which has been used 


in these calculations is by no means incontestable. 
; ‘ ' 

Brooks(!2), for instance, suggests that the thermal 

be closer to 1 


leading to a spike of longer duration 


+} t f 
i 


lat O liquid, 


conductivity might 
that 


estimated in the present calculations. If 


the case, then the temperature of the spike region 
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would be close to the transition temperature for a 
longer period of time than was originally estimated. 
Consequently, the probability of reversion to gray 
tin during the final stages of the spike would be 
at O°C. Seitz and 

Ve suggested 

proper to equate the spike re gion 
truc liquid, At any rate, a longer- 
that predicted here would be all 


good for the purposes of this experiment. 


the 
is of the orde1 


which ac companies 


gray to white tin 


nsequently, the trar t10Nn 


temper- 


marke d pressure de pe ndence. 


13-2°C 


indicates 


rmation temperature 1s . 
Clapeyron equatio1 
ure dependence of the 


This 


temperature 


means that when a 


ion of gray tin 1s prevented from 


rrounding ly 


] 
it 


1 Matrix, 


rgoins nstor- 


uti 
til provided that the initial tem- 
hus, the 


by the thermal spik accompanied 


region 1s not too le W 


sition ten ur combine 


pel 
Ill a favorable one in which to 


rmal spikes 


lion techniques 


) ] 
Because the der 


from that of $-tin, «-tin is most readily obtainable 
in powder form. If white tin were to be produced 
during neutron irradiation of gray tin powder, one 
method of detecting the fact would be to compare 
X-ray diffraction patterns from unirradiated and 
irradiated powder samples. ‘The theory of quanti- 
tative analysis of powder mixtures by means of 
X-ray diffraction analysis has been developed and 
verified by a number of investigators,“4) and it 
may be applied directly to the present problem. 
We are dealing with the very special case of a 
binary mixture of allotropic forms of tin. Conse- 
quently, the mass absorption coefficients of the 
separate components of the mixture are equal. 
This leads to a simplified expression for the diffrac- 
ted intensity of a reflection from the 7*” component 


of the mixture, namely, 


Gij2M?|F\2LP(0)X; 
(1) 
pf 

In equation (1), G; depends upon the geometry of 
the sample, the wavelength of the X-rays and some 
physical constants; 7 is the multiplicity of the re- 
the 
number of unit cells per unit volume of the 7“ 


flection under consideration: VM equals 


component; / is the crystal structure factor; 
LP(@) is the Lorentz-polarization factor; Xj; is the 
weight fraction of the 7“ component and p; its 
density, and y is the mass absorption coefficient. 
Two important pieces of information may be de- 
rived from the application of this equation to the 
diffraction pattern of such a binary powder mix- 
ture. First, if one forms the ratio of intensities of 
two reflections from the two components in the 


same sample, one obtains the expression, 
l; (727M? Fi2LP(6)); — ; Xj 
‘ff (72?M?2\F\2LP(6));  p; 


After one obtains the experimental data which 
appear in equation (2), the only unknown quantity 
in this ratio is X; which then may be calculated 
readily. Second, if the ratio of corresponding re- 
flections from two different patterns (Say, 1 and 2) 


is formed, the result is, 


(i) 
(1;)2 


(Xi)1 
( Y;)o 


This ratio enables one to detect changes in Xi, 
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while equation (2) provides the absolute value of 
X;. Therefore, equations (2) and (3) may be used 
jointly as a check on the internal consistency of the 
X-ray results. 


EXPERIMENT 


In essence, the experiment consisted of deter- 


mining by means of X-rays the relative amounts of 


white and gray tin in a powder sample before and 
The tin this 
from 


after irradiation. used in 
experiment obtained the 
Chemical Company, New York. It had the desig- 
nation “ultra pure’, and its purity was reputed to 
be greater than 99-999 per cent, the two detectable 
impurities being lead (0-00002 per cent) and iron 
(0-00001 per cent). In order to produce a sample 
suitable for X-ray powder work an ingot of white 
tin was placed in contact with a gray tin single 
crystal, and stored in a deep-freeze at —45°C. 
Such “‘seeding”’ was sufficient to nucleate the trans- 


reactor 


was Varlacoid 


formation from white to gray tin in a matter of 


hours. The single crystal was removed after the 
transformation had been initiated leaving the pure 
tin in the low-temperature phase without con- 
tamination. Following several months of storage 
at —45°C, the powder was transferred to a cold 
room maintained at 1+1°C where it remained 
throughout the experimental work. Gray tin pro- 
duced in this manner was sifted through a 325- 
mesh sieve, and the powder that passed through 
the sieve was used to make the X-ray samples. At 
the time the experiment was initiated, there was 
still approximately 10 per cent white tin in the 
powder. 

The irradiation was carried out in hole W-13 
of the Brookhaven graphite reactor for 82 hr. ‘The 
thermal flux in this hole at the time was approxi- 
mately 7:2 x 1012 neutrons cm?sec~! as determined 
by activation of a foil composed of an aluminum 
manganese alloy; the cadmium ratio was found to 
be 31-4. From these numbers, one can calculate 
the resonance flux in any energy range £ to Ee for 
which In(£2/£;) = 1.45) Since the aforementioned 
thermal-spike calculation was based upon an 
effective neutron energy of 1 MeV, it is pertinent 
to state that the flux in the energy range from (0-55 
MeV to 1:5 MeV was of the order of 4-8 x 104 
neutrons cm? sec! during the irradiation. An 82 
hr exposure in this flux should have caused roughly 


D 
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16 per cent of the sample volume to transform 
from gray to white tin by virtue of the thermal- 
spike mechanism, exclusive of the effect of pressure 
upon the transformation temperature. 

During the irradiation the sample temperature 
was maintained at 0+2°C by allowing dry carbon 
dioxide gas under high pressure to expand into the 
sample chamber through a fine capillary. Immedi- 
ately upon removal from the reactor, the powder 
was placed in a bath of ice and water, and kept 
there until the radioactivity had decreased to a safe 
level for handling. At this time, the powder was 
returned to the cold storage room previously men- 
tioned where the X-ray powder samples were pre- 
pared. 

The basic X-ray equipment consisted of a 
standard Norelco powder-diffraction unit, and a 
scintillation counter for detection of the copper Kx 
radiation. 'l’o this was added a cryostat attachment 
especially designed to maintain the sample tem- 
perature close to that of liquid nitrogen while a 
diffraction pattern was being recorded. Each sam- 
ple was prepared and positioned in the cryostat 
while in the cold room, all equipment and materials 
being in equilibrium with the room temperature. 
The cryostat then was packed in dry ice and trans- 


ferred to the spectrometer. Finally, liquid nitrogen 


was transferred into the cryostat, and a diffraction 
pattern obtained. Afterwards, the procedure was 
reversed in returning the sample to storage. ‘Two 
samples were employed in the experiment, the 
powder for each originating in the same batch. One 
sample was irradiated in the manner just described, 
while the other was kept as a control in the cold 
room. Consequently, throughout the study the 
two sample temperatures never differed from one 
another by more than 2°, except for the period 
during which the diffraction patterns were re- 


corded. 


RESULTS 

Diffraction data were recorded for scattering 
angles in the interval from 22° to 90°. Over this 
range three white tin and eight gray tin reflections 
were found to be useful in the analysis. Straight- 
forward application of the theory of quantitative 
analysis by means of X-ray diffraction measure- 
ments as described earlier, lead to the results listed 
in Tables 1 and 2. 
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1 comparison of corresponding lines in the irradiated and unirradiated samples to determine the 


change in weight fraction of either phase. 


220) (311) 


| 


(unirradiated) 


0-949 1-034 0-931 


value of the ratio X,, (unir1 


value of Xg (unirr.)/Xg(irrad 


The mear 


Lhe mear 


Table 2. . 


Reflection 
Ratio 


Unirradiated 


0-101 


Ratio 


0-0917 


The mean value of X 


2( 400) 


0-971 


8(020)/«(111) 


8(020)/ (111) 


a(511) 
(422) + 
3 


wal 


#(531) B(020) B(011) B(211) 


4(440) 


$3) 


0-944 1-101 1-001: 0-996 1-041. 1°028 0-895 


X,(irrad.) was 0-991, and the standard deviation was 5-61 per cent 


) was 0-988 and the standard deviation was 8-1 per cent 


1 determination of the absolute value of Xz in each sample. 


8(011) (220) B(211) (311) 


0-108 0-102 
B(011)/«(220) B(211)/(311)« 


0-109 0-105 


before irradiation was 0-104 with a standard deviation of 0°38 per cent; 


the corresponding numbers for the irradiated sample were 0-102 and 0:90 per cent. 


DISCUSSION 
On the basis of the thermal spike calculation alone, 
one would have expected at least a twofold increase 
in X, following the irradiation given the powder 
in this experiment. However, the results in Table 
1 indicate that no significant change occurred in 


this quantity. This is substantiated by the lack of 


change in X,, as is also shown in ‘Table 1. The re- 
sults listed in Table 2 are further evidence that no 
change in the relative amounts of gray and white 
tin occurred; they provide an excellent check on 
the inner consistency of the data. 

As previously stated, the experiment was carried 
out at approximately 0°C for two important reasons. 
The first reason was that the closer the initial tem- 
perature of the sample was to the «<--> transition 
temperature, the greater was the likelihood that an 
appreciable fraction of the sample would have been 
heated above the transition temperature by a spike. 
The second reason was that the linear rate of trans- 
formation from S—>z tin is lower at 0°C than at the 
temperature where its value is a maximum, by 


almost three orders of magnitude.” Therefore, 
any white tin which was produced during the 
irradiation would have had little chance of recon- 
verting to the gray phase. With regard to this 
point, although extensive investigations have not 
been carried out by the author to verify the fact, 
other investigators’®) indicate that the isothermal 
transformation rate decreases as a function of time 
at any given temperature. In the work presented 
here, X-ray studies of powder which had been 
- 30°C showed that the amount of white 
tin in the powder approached a constant value 


stored at 
even though the 8—>~« tin transformation rate is a 
maximum at that temperature. Other investi- 
gators also have expressed the opinion that some 
white tin always will be present in the gray 
matrix ;‘5) the exact amount, however, undoubt- 
edly depends upon the purity of the tin. By way of 
a more quantitative discussion of the reversion of 
the white tin formed by the spikes, one can make 
an estimate of the time required at 0°C for 50 per 
cent completion of this transformation as follows. 
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The data of FLEEMAN and Drenes 6) indicate that 
at —30°C it takes approximately 500 min for 50 
per cent completion of the transformation. It 
then follows from the temperature dependence of 
the rate of transformation,” that at O°C the 
equivalent time would be approximately 4 10° 
min or about 10 Allowing for the 
time during which the sample was stored at 
0°C while its radioactivity diminished, one can 
estimate that at most ten per cent of the white tin 
reconverted. The only other opportunity for the 
white tin to reconvert would have occurred while 
the X-ray sample was being cooled to liquid nitro- 
gen temperature in the cryostat. That reconver- 
sion was negligible during this short period was 
verified by repetition of the X-ray measurements 
on the same sample at liquid nitrogen temperature 
after the sample temperature had been allowed to 
reach 0°C between runs. During this process, the 
sample temperature passed through the maximum 
in the transformation rate three times. Neverthe- 
less, the new mean value of the ratio shown in 
Table 1 as calculated from the second set of data 
was well within the indicated standard deviation, 
showing that the cooling-down process did not 
contribute significantly to reconversion. ‘These 
considerations lead to the conclusion that most of 
the white tin produced during the experiment 


months. 


would have been detected readily. 


CONCLUSIONS 

Several explanations may be offered for the 
apparent failure to observe the effects of thermal 
spikes in this experiment, and at present one would 
find it difficult to lay emphasis upon any one in 
particular. To begin with, examination of the 
assumptions which are implicit in a thermal spike 
calculation raises some questions about the 
validity of such a calculation. One must realize 
that it is based upon thermodynamic considerations 
which, therefore, imply the existence of equili- 
brium conditions. However, the times involved are 
so short that one wonders if such conditions can 
prevail, and if the concept of temperature has any 
meaning during a thermal spike process. Even if 
thermodynamics may be applied legitimately to 
this problem, the times involved might have been 
too short to permit the transformation from gray 


to white tin to occur. Alternatively, the spike 


temperature may have been too low to induce the 


IRRADIATION OF GRAY 


TIN 51 


transition; the temperatures derived in the calcu- 
lations, after all, are only approximations to the 
true state of affairs. 

Of course, one cannot rule out the possibility 
that new regions of white tin are produced by a 
spike mechanism but that they immediately re- 
convert to gray tin. By envisioning a lattice in 
which both crystal structures coexist, one can see 
that distortions will be present;“” perhaps the new 
white tin finds itself in a strain field which it cannot 
support, and so it reconverts. One would have 
difficulty in verifying this fact experimentally. It is 
extremely doubtful that the production of lattice 
defects during the irradiation, and their subsequent 
annealing could have enabled reconversion to occur 
rapidly. If this were the case one would be led to 
expect some evidence of enhanced diffusion as well. 
Quite to the contrary, however, the difference in 
the amount of white tin present before and after 
the irradiation was insignificant. 

In summarizing, perhaps it would be instructive 
to mention specifically the previous experiments 
whose aim also has been the detection of spikes 
by means of radiation induced phase changes. 
Some of these have involved fissionable materials, 
and rightfully should be placed in a_ separate 
category. Of those in which non-fissionable matter 
was employed, four deserve mention, ‘those of 
DENNEY®) (Fe, —> F,) and similar experiments by 
BoLTax(18); GoNsER and OKKERSE® (GaSb solid— 
liquid), and WITTELs and SHERRILL") (ZrOz mono- 
clinic—>cubic). Positive results were reported in 
the first three experiments while the fourth re- 
ported in the negative. One has difficulty in com- 
paring these experiments with the present one be- 
cause of differences in the materials investigated. 
[ron being metallic and zirconia, ionic, one might 
expect some differences between them and gray 
tin. There should be a greater similarity between 
GaSb and «-Sn, but here the conclusions «re in 
opposition. 

The disordering of ordered alloys by radiation 
has been reported frequently, and this effect often 
has been attributed to the production of thermal 
spikes. However, it seems more likely to the author 
that replacement collisions29 2) may account for 
the entire process. The threshold for a replacement 
collision is much lower than that for a displacement 
at least in certain crystallographic directions, and 
this might account for the sensitivity of ordered 
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alloys to radiation. The only incontestable state- 
ment one can make is that more evidence must be 
accumulated before the question of thermal spike 
production in nonfissionable matter is settled to the 


satisfaction of all interested investigators. 
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Abstract 


ethylene (Alkathene) and the high density polyethylene (Marlex 50 and Hostalen) subjected 


tron irradiation have been measured at 


a frequency of VU 


The dynamic Young’s modulus and the mechanical damping of the low density poly- 


1 to elec- 
I . amner sano r() 
2 C/s over a temperature range of 2U to 


180°C. A remarkable change in the mechanical properties of irradiated high density polyethylene 


was observed after heat treatment. After an initial heating of an irradiated specimen 


above its 


melting point the elastic modulus at lower temperature decreases and the curve of mechanical 


damping vs. temperature changes. Two peaks appearing in the damping vs. temperature curve may 


be associated with the melting process of two groups of small and large size crystals. The crosslink 


introduced by electron irradiation at room temperature prevent the large crystals of polyethylene 


from regaining their original size after attaining the rubber state due to melting. The heat treat- 


ment, therefore, produces a larger number of crystals of small size and fewer large crystal 


5 which 


appears to conform with the tendency to an increase of height and width of the damping peak at 


lower temperature and a decrease of height of tl 


INTRODUCTION 


THE study of dynamic elastic modulus and 
mechanical damping provides a useful means of 
investigating the behaviour of crosslinkages pro- 
duced by irradiation in high polymers. It is well 
known that polyethylenes acquire a crosslinked 
structure on being subjected to high energy irradi- 
ation. The dynamic mechanical properties of un- 
irradiated low density polyethylenes have been 
studied as a function of temperature by Oakes and 
ROBINSON“), SCHMIEDER and Wo LF), and SAUER 
and Kuiine®). The effects of irradiation on these 
low density polyethylenes have also been investi- 
gated by CHARLEsBy and Hancock"), and Raby“). 
The high density polyethylenes have also been 
Kobayasi Institute of Physical 


* Present address: 


Research, Kokubunzi, Tokyo. 


1¢€ 


lamping peak at higher temperature 


studied. The effect of the degree of crystallinity or 
branching on the dynamic mechanical properties 
has been reported by Nietson®), Kine et al, 
DEELEY et al.(8), BACCAREDDA and Butta), and 
BuTTa and CHARLEsBY"™9), but little work has been 
published on the radiation effects in high density 
polyethylenes. The purpose of this work was to 
investigate the influence of crystallinity on the 


mechanical properties of various types of poly- 


ethylenes which have been crosslinked by electron 


radiation. 


EXPERIMENTAL 
Three different types of polyethylene have been 
used. Alkathene is the conventional polythene 
which has low density and high branching. Marlex 
50 and Hostalen have been used as examples of 
high density polyethylene having a high degree of 
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crystallinity and low branching. All specimens were 


in the form of rods of }in. diameter and 4-6 in. 


long. [hese were subjected to a series of electron 
radiations with a Van de Graaff 2 MeV accelerator. 
The radiation doses were accumulated at the rate 
yf 1 Mrad for each passage under the beam, the 
intervals between successive passages being chosen 
to avoid an excessive temperature rise. 

The measurements of dynamic elastic modulus 
und mechanical damping have been carried out by 
KIMBALL’s method.“@!) The 
clamped at one end and is kept in 


deflecting force is applied at the 


specimen rod is 
rotation in one 
direction. The 
free upper end of the rod in a horizontal direction 
perpendicular to the length. The displacement of 
the end of the rod and the angle between the 


directions of force and displacement are observed 


optically and from these measurements the elastic 


modulus and mechanical damping may be deduced. 
The frequency employed in the measurements was 
180°C 


()-2 c/sand a temperature range of about 10 


was covered. 
RESULTS 

‘The measurements of dynamic elastic modulus 
ind mechanical damping of Alkathene rod sub- 
jected to different amounts of raciation dose have 
been carried out over a range of temperature and 
some of the results are shown in Fig. 1. The speci- 
men was heated up gradually for about 4 hr from 
room temperature to near 180°C, measurements 
being made at suitable time intervals. After cooling 
the specimen down to room temperature, measure- 
ments were again repeated with a rising tempera- 


ture. The Alkathene 


irradiated 
showed little difference in mechanical properties 


for the 


results 
between the first and the second heating as seen 
in the figure. By contrast the high density poly- 
ethylene Marlex 50 displayed a distinct difference 
between the first and second heating. The results 
on Marlex 50 irradiated by 100 Mrad are illus- 
trated in Fig. 2. A slight decrease of the dynamic 
Young’s modulus was observed in the second 
heating until the specimen attained the rubber-like 
state at temperatures higher than 140°C, where all 
the crystallinity had disappeared. ‘Two peaks of 
mechanical damping were observed at the first 
heating near 45°C and 120°C respectively. At the 
second heating the height of the peak at the lower 


temperature increased and that of the peak at the 
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It 
boas | 
y a yy 300 | 


Fic. 1. Variation with temperature of Young’s modulus 
and mechanical damping of Alkathene, irradiated 0, 
100 and 300 Mrad respectively. 


unirradiated, 100 Mrad (at first heating), A 100 
Mrad (at second heating), 300 Mrad (at first heating), 
v 300 Mrad (at second heating). 


Fic. 2. Variation with temperature of Young’s modulus 
and mechanical damping of Marlex 50 irradiated 100 


Mrad at first heating, at second heating. 
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higher temperature decreased slightly and the 
latter shifted to a lower temperature around 100°C. 
Subsequent measurements at the third and the 
fourth heating showed little difference with the 
results at the second heating, either in Young’s 
modulus and in mechanical damping, although 
a slower cooling rate of the specimen was adopted. 

A Marlex 50 specimen, after receiving a 300 
Mrad dose of electron radiation, showed a remark- 
able change both in the dynamic Young’s modulus 
and in the mechanical damping between the first 
and second heatings, as illustrated in Fig. 3. The 























Fic. 3. Variation with temperature of Young’s modulus 
and mechanical damping of Marlex 50 irradiated 300 
Mrad. at first heating, /\ at second heating 


value of Young’s modulus at the second heating 
decreased considerably when below the ordinary 
melting temperature of high density polyethylene, 
about 140°C, but showed nearly the same value of 
modulus of rubber elasticity above that tempera- 
ture. At the first heating the peaks of mechanical 
damping were observed at about 40°C and about 
140°C, but at the second heating the peak at the 
higher temperature disappeared and the peak at 
lower temperature broadened and increased in 
height. 

Figure 4 and Fig. 5 summarize the results at the 
first heating and the second heating respectively 
of the Marlex 50 specimens which had received 


HIGH 


DENSITY POLYETHYLENES 
radiation doses of 0, 100, 200 and 300 Mrad re- 
spectively. 

When polyethylene is subjected to high energy 
radiation such as 2 MeV electrons, the distortion 
and destruction of crystallites in the material take 
place due to the crosslinks between molecules in- 
troduced by radiation. CHARLESBY ef al.(!2) have 
investigated the crystal distribution in different 
types of polyethylene by measurements of specific 


Fic. 4. Variation with temperature of Young’s modulus 
and mechanical damping at first heating of Marlex 50 


0 Mrad, 100 Mrad, 
300 Mrad 


irradiated with different doses. 
200 Mrad, 


volume at various temperatures and have found 
there are two peaks in the crystal distribution 
curve plotted against the linear dimension of 
crystal in the high density polyethylene, such as 
Marlex 50 and Hostalen, whilst only one peak has 
been found in the crystal distribution curve for the 
low density polyethylene such as Alkathene. ‘They 
have analysed the crystal distribution in terms of 
the number (7) of carbon atoms in the long chain 
of the paraffin molecules [CnH(2n;2)], which were 
assumed to correspond to the polyethylene mole- 
cules of various lengths. The results show that 
ordinary Alkathene has its crystal size distribution 


located largely around n = 60, on the other hand, 
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Marlex 50 has two large groups located around 
n 80 and n 300, and Hostalen has also two 


groups around 60 and n 200. 


The experime ntal results on mechai ical proper- 
ties and their cl anges with the heat treatment can 
is follows, to be in conformity with 


\\ he n the 


rom room temperature the 


be inte rpre ted, : 
tem- 


] } + . 
the crystal distribution analysis. 


pt rature IS raise 


, 
4 ¢ 
tO mel 


preferentially 


of Young’s modulus 

1 heating of Marlex 

0 Mrad, 100 
300 Mrad 


th temperature 
amping at eco! 


liated with difierent dose 


Mrad 200 Mrad, and 


and a transfer of molecular chains from the crystal- 
line to the amorphous regions takes place. This 
melting may also be accompanied by the release of 
the distortion in the crystalline regions in the 
neighbourhood of crosslinks and unsaturation. 
The damping maximum near 40°C together with 
the gradual decrease of elastic modulus in the low 
temperature range may be related to this loss of 
crystallinity. 

The large size crystals begin to melt when the 
temperature is raised near to the maximum melting 


point of the material and this process ol melting 
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causes the large peak in the mechanical damping 
2 


associated with the decrease of elastic 


rapid 
modulus. These two maxima of damping are 
clearly seen in the first heating of irradiated Marlex 
50 as illustrated in Figs. 2 and 3. When the tem- 
perature is raised above the ordinary melting 
point all crystals melt completely and the material 
becomes rubberlike if sufficiently crosslinked. 
Electron irradiation at room temperature pro- 
duces crosslinks between molecules as well as the 
scission of molecules and these effects distort and 
destroy the crystalline structure of polyethylene. 
For electron radiation doses under 300 Mrad, as 
used in this experiment, parts of the crystals in the 
yecimen are destroyed but large groups of crystals 


S} 
remain in the distorted form due to the crosslinks 
introduced by the radiation. After heating up the 
specimen to higher temperature, to make it rubber- 
like, all crystals melt and distortions in crystals 
also disappear but crosslinks between molecules 
still remain. When the specimen is cooled down to 
a lower temperature, recrystallization takes place 
but to a lesser extent than before heating, because 
the crosslinks interfere with the alignment of mole- 
cules and prevent the molecules reforming crystals 
of the same size as before. As a result the number 
of crystals of large size decreases and the number 
and distribution of small crystals increases. This is 
in conformity with the shift of damping maximum 
and the decrease of Young’s modulus with heat 
treatment as shown in Fig. 2. In the case of Marlex 
50 subjected to 300 Mrad of electron radiation the 
change is most remarkable, as shown in Fig. 3. 
The damping maximum, observed at higher tem- 
perature at the first heating, disappears at the 
second rise of temperature and a broad distribution 
of damping is observed in the lower temperature 
range. A considerable decrease of elastic modulus 
is also observed on the second heating. ‘These re- 
sults indicate that if the irradiated polythene 1s 
heated up to the temperature of the rubberlike 
state, it cannot return to its original structure after 
cooling down to room temperature. The number 


of large crystals decreases and the number of 


smaller crystals increases, that is, the distribution 
of crystal size is changed. 

A similar change of mechanical properties 
following heat treatment has been also observed in 
Hostalen and is illustrated in Fig. 6 for a specimen 


after subjection to an irradiation dose of 200 Mrad. 





PROPERTIES OF IRRADIATED 


Fic. 6. Variation with temperature of Young’s modulus 
and mechanicaldamping of Hostalen irradiated 200 Mrad 
at first heating, A at second heating. 


Fic. 7. Variation with temperature of Young’s modulus 

and mechanical damping at second heating of Hostalen 

irradiated with different doses. O 0 Mrad, [_] 100 Mrad 
and A 200 Mrad. 


HIGH DENSITY 


POLYETHYLENES 


The changes of damping maximum and elastic 
modulus are a little less than those in Marlex 50, 


probably because the initial content of crystallinity 


_ 


is less in Hostalen. Fig. 7 illustrates the value of 
dynamic Young’s modulus and mechanical damp- 
ing at the second heating of Hostalen for specimens 
which had received various radiation doses. The 
Alkathene specimen, which had initially the lowest 


percentage of crystallinity, showed no significant 


Mechanical Properties of three types of poly- 
100 


Fic. 8. 
ethylene subjected to the same irradiation dose of 


Mrad, showing second heating cycle. 


change in the value of either damping or elastic 
modulus following a heating cycle. Alkathene has 
only crystals of the smaller size and not the large 
crystals present in Marlex 50 and Hostalen and 
these small crystals can recover their previous 
form after a heating cycle without hindrance due 
to crosslinking. 

Figure 8 illustrates the comparison of the mechan- 
ical properties of three types of polyethylene 
irradiated with a dose of 100 Mrad, the data being 
taken at the second heating. The rearrangement of 
crystal distribution by heat treatment in Marlex 
50 and Hostalen is already complete and the 
higher peaks of damping at the higher temperature 
in the high density polyethylenes indicate a greater 


percentage of large crystals. 
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The elastic modulus above 140°C suggests the 
difference in the degree of crosslinkage in three 
types ol polyethylene for the same irradiation dose 
of 100 Mrad. The degree of crosslinkage which 
should be proportional to G-values is the highest 
in Hostalen and the lowest in Alkathene. It might 
be inferred that the efficiency of radiation on the 
crosslinking of polyethylene molecules depends on 
the degree of branching orcrystallization at thetime 
of irradiation. However, more accurate measure- 
ments of elastic modulus at high temperatures and 
corrections for differences in molecular weight are 
required in order to come to a more definite con- 


clusion. 


DISCUSSION 

A comparison of the elastic modulus and damp- 
ing of three types of polyethy lene, subjected to 100 
Mrad of radiation, is shown in Fig. 8. The speci- 
mens had been preheated after radiation so that the 
curves shown in the figure represent the fully re- 
acted material. The peaks in the damping curves 
at about 100°C for Marlex and Hostalen, and the 
peak at 40°C for Alkathene, indicate the larger size 
of the crystals in the former, even after radiation. 

Above 140°C, the dynamic modulus can only 
arise from the radiation-induced crosslinks. The 
moduli for Marlex and Hostalen are higher than 
those for Alkathene, and this would appear to in- 
dicate a higher crosslinking efficiency in the first 
two materials. On the other hand, data on the 
solubility (CHARLEsBY et al.“3), WaDDINGTON™)) 
indicate a lower gelation dose for the Alkathene, 


apparently due to a higher crosslinking efficiency. 
One possible explanation of this apparent contra- 
diction is that solubility depends on the average 


number of crosslinks per weight average molecule. 


At equal melt viscosities Alkathene, which is 
branched, has a higher weight average than linear 
polyethylene, and therefore requires a lower 
radiation dose to form an incipient network. On 
the other hand the elastic modulus depends on the 
average density of crosslinks. The initial molecular 
weight only appears as a correction in the relation- 
ship, and there it is rather the number average mole- 
cular weight which is of importance. For Marlex 
and Hostalen this number average is usually higher 
than for Alkathene which has a much wider mole- 
cular weight distribution. Nevertheless the differ- 
140°C are 


ences between the elastic moduli at 
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greater than might be expected to be accounted 
for by such effects. It is difficult to offer a satis- 
factory explanation. If the effect of initial mole- 
cular weight is ignored the G-value for cross- 
linking (i.e. the number of crosslinks formed per 
100 eV of energy absorbed) amount to 1-6, 2-0 and 
3-4 approximately for Alkathene, Marlex and 
Hostalen respectively. 

Previous measurements of the elastic modulus 
of various polyethylene specimens, subjected to a 
range of radiation doses, led to G-values of about 
2 when a correction was made for the finite initial 
molecular weight. 2) 

Data comparable with the present for pile and 
gamma irradiated low density polyethylene have 
been given by CHARLEsBy and Hancock”), Butta 
et al.(9.19). Drerey et al.(8), and further so far un- 
published results were derived by Rapy. All have 
reported on the decrease in the temperature of the 
damping peak corresponding to the melting of 
crystallites and Woopwarbp et al.‘8) and DOLE et 
al.09) have also drawn attention to the reduction 
in modulus at 20°C obtained by subsequent heat 
treatment in both pile and gamma irradiated 
specimens. In the present experiments no such 
decrease was observed for electron-irradiated low 
density polyethylene, although it has been found 
in the high density material. 

It would be of considerable interest to compare 
the elastic behaviour of irradiated polyethylenes 
with the change in crystallinity, determined e.g. 
by measurements of the changes in specific volume, 
but unfortunately such measurements are not 
available on a range of electron-irradiated samples. 
Data for pile irradiated (low density) Alkathene 
have been published by CHARLEsSBY and 
CALLAGHAN"), and this paper also gives one set of 
measurements for electron-irradiated Alkathene. 

It is shown in this paper?) that the changes in 
density are consistent with the preferential de- 
struction of the larger crystals, giving a higher 
proportion of amorphous polymer and a number 
of small crystals of lower melting point. ‘This con- 
clusion is in accord with the deductions made from 
the elastic measurements. However, a marked 
difference appears as between electron and pile 
radiation, crystallinity being less affected by a 
similar energy absorption from electron radiation 
under the same temperature. This may arise from 
the local density of ionization and energy dissipation 
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from the protons liberated in pile radiation, such 
intense local effects being more likely to cause 
serious disruption of individual crystals. It was 
also found that under electron radiation crystals 
of intermediate size were preferentially destroyed, 
a small fraction of large crystals and a large number 
of small crystals remaining. This creation of two 
groups of crystal sizes of very different melting 
point might account, not only for the main damp- 
ing peak, but also for a small peak at a higher 
temperature, as has been reported by DEELEY and 
others. 

The effect of heat 
modulus and degree of crystallinity has been 
explained in terms of the distortions introduced 
by crosslinks, such distortions interfering with 
recrystallization. An alternative explanation may 
be advanced, which explains such effects as due 
to the presence of trapped radicals in the crystals, 
which can only react with each other to produce 
further crosslinks when the crystals melt. The 
presence of such radicals has been demonstrated 
by Lawton et al.“6), and they would be expected 
to be more numerous in highly crystalline (high 
density) polyethylene. On the other hand, AsBrRa- 
HAM and WHIFFEN 7 could not detect such 
trapped radicals in high density polyethylene 
irradiated in the absence of oxygen. It would in 
any case be difficult to account for a higher G-value 
for crosslinking in highly crystalline material. 

BussE and Bowers(§) have drawn attention to 
the serious discrepancies in the various published 
G-values for crosslinking, which are stated to vary 
from 1:5 to 7:5. On the other hand estimates of 
this G-value, when deduced from the 
methods of measurements, have consistently given 
similar values for linear and branched polyethylene 
(EpsTeIN®9), WADDINGTON 4), CHARLESBY e? al. (19) 
and SCHUMACHER®®)), The discrepancy in the wide 
range of G-values deserves further investigation, 
but does not appear to be due merely to the degree 
of branching. However, the main purpose of this 
paper was to relate the position of the damping 
maximum to the crystal size before and after irradi- 
ation, and this relationship is not affected by the 
value assumed for G (crosslinking). 
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Abstract—An 


expression is derived for the average potential energy of a particle at any given dis- 


tance above the plane face of a semi-infinite crystalline array of similar particles obeying an inverse 


power, pairwise additive potential function with spherical symmetry. This expression is then used 


with a Ler 


nard-Jones potential function to discuss various models for the surface configuration of 


semi-finite crystals by comparing the minimum excess surface energy of the model with that of the 


undistorted half-crystal. The results indicate that the only likely distortion in the surface of the static 


lattice atO°K is a slight expansion normal tothe surface as indicated by SHUTTLEWORTH’s calculations. 


1. INTRODUCTION 
THE sTATus of our theoretical knowledge of the 
surface energy and configuration of ionic crystals 
has been reviewed by VAN DER Horr and BENsoNn®) 
whose quantum-mechanical calculation of the 
surface energy and polarization of LiF and com- 
that 
involving 


parison with experimental data indicate 


classical approximations of the type 
point charges and van der Waals inverse power 
terms give unsatisfactory results. ‘These authors 
allowed for interplanar distortion normal to the 
surface and for polarization of the surface /~ ions 
in their model. In a later paper BENSON and VAN 
ZEGGEREN®) present methods for the calculation 
of parameters for the classical treatment of perfect 
ionic half-« ry stal lattices. 

Spherical dissymmetry due to surface polariza- 
tion is probably negligible in atomic crystals, how- 
ever, and an extension of classical treatments in an 
attempt to find a model of lower potential energy 


than the undistorted half-crystal is more likely to 


* This work is based upon sections of a thesis by 
HARTLAND H. SCHMIDT, submitted to the University of 


California, Berkeley, in partial fulfillment of require- 


ments for the 
Symposium on Problems Relating to Physical Adsorp- 
Gases by Royal Miailitary College, 


Ontario, Canada, in September, 1954 


Ph.D. degree and was presented at the 
tion of Solids at 
Kingston, 

+ Division of Physical Sciences, University of Cali- 


fornia, Riverside, California. 


(1) 


be fruitful. For example, calculations of the surface 
energy of liquids) on the basis of simple potential 
functions and experimental distribution functions 
have given satisfactory results except for certain 
necessary assumptions about lower limits of inte- 
eration related to surface configuration. SHUTTLE- 
WORTH") has tested models involving expansion 
of the first interplanar distance normal to the sur- 
face of a half-crystal and found that at equilibrium 
there is a 2-5 per cent expansion of this distance 
in the (100) face of argon which does not appre- 
ciably affect the surface energy. ‘The same author) 
also pointed out that there is a stress in the surface 
plane tending to increase the lattice constant since 
the equilibrium lattice spacing of an_ isolated 
centered square lattice is 0-6 per cent greater than 
that of the three dimensional lattice. FRANK and 
VAN DER MERWE) have investigated the energies 
of lateral dislocations in a strained surface structure 
isomorphous with the substrate and concluded 
that no dislocations are formed spontaneously at 
absolute zero on the (111) face of an inert gas 
crystal but that dislocations once formed probably 
would not escape spontaneously. 

This tendency toward lateral expansion of the 
surface led the present authors to consider the 
energies of atomic crystal surface models involving 
adjustable parameters both normal to and within 
the surface using potential functions of the Lennard- 
Jones type and misfitting surface monolayers of 
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quite general structure not necessarily isomorphous 
with the substrate. The methods developed, be- 
sides being used to evaluate various models of 
surface distortions in atomic crystals, will be used 
in a subsequent paper to calculate equilibrium 
grain boundary energies and spacings in such 
lattices by a plausible model. This approach will 
be quite generally applicable to the types of lattice 
imperfections discussed by FRANK and VAN DER 
MERWE whenever a completely misfitting or con- 
tinuously dislocated model is indicated, and should 
be helpful in problems of heterogenous non-iso- 
morphous adsorption on solids when appropriate 
potential function constants are available. 


2. THE “MISFITTING SURFACE” MODEL 

We consider a system of identical particles with 
a pairwise additive potential function consisting 
of a sum or difference of terms of the form 


ez = A,/r* (1) 


where r is the interparticle distance and the ex- 
ponent ¢ is six or greater for inert spherically 
symmetric atoms. A complete potential function 
of this type which is frequently used for inert gas 
interaction is the Lennard-Jones function 


— Ng yh 4 Ajo yi2, (2) 


The model we is as follows. Besides the 


assumption of the nature of the potential, we 
assume first, all perturbations in distances normal 


use 


to the surface are confined to one layer; second, 
the structure of the outermost layer is the same as 
that of the remainder of the crystal; and third, 
that the lattice length of the cell in the surface is 
not the same as that in the remainder of the crystal. 
We have reduced the discussion by these assump- 
tions to a two parameter problem. If we assume 
that the ratio of the cell constant in the surface to 
that in the crystal is such that atoms in the surface 
fall over every position relative to unit cells in the 
sublattice, the problem is greatly simplified in that 
we may now deal with the average energy of the 
surface atoms rather than the particular energies 
of atoms in given locations. We shall see that the 
results obtained will be considerably more general 
than those implied by the restrictions of this model. 


If the origin of a co-ordinate system is in the surface 
of a (100) faced perfect semi-infinite f.c.c. crystal, for 
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example, then the interaction energy term for an atom 


at the point (x1, x2, x3) above the lattice with atoms in the 
lattice is given by a summation of the form 


l 


x x x 
49-0535 
ae a + |14.m*—s| 


3 


(3) 
x x 0 


where m'’ (m*, m’ 
co-ordinates of the Ath atom within the unit cell. The 
atoms k | eae 8 . p are in the first plane of the unit 
cell and k 1+p, 2+), . 2p in the second. As is 


obvious from the summation limits in (3), the third co- 


, m',) is the triple representing the 


ordinate is normal to the surface and extends into the 
crystal while the first two are in the surface. The unit 
cube edge, a’, the unit length of 
I = (11, 12, 13) and the integers 11, 12, 13 are 


is taken as vector 
unit cell 
designations. The distance of the atom in question above 
the zdo where do is the interplanar 


spacing in the interior of the crystal along the normal 


face is vga‘ 

to the surface. 
The potential energy term averaged over all positions 

above a single unit cell in the sublattice within a plane 


of constant x3 1S 


E(x) da 1dXxe. 


The summation in (4) converges uniformly for cases we 


are considering (¢ > 6 and x3 0) so that the order of 


integration and summation may be interchanged. 


Then by suitable term by term changes in the variable 


of integration the sums and integrals over the unit cell 


may be replaced by integrals over the plane. 


€t(X) 


>>} 
Re & @e@ 


o 


[f2+g2+ (13+ m! 


type in (5) are easily evaluated with 


The more general signifi- 


Integrals of the 
standard tables of integrals 
cance of the integrated expression may be seen by intro- 
ducing the variable mg as the number of the plane in 
the half-crystal beginning with n; 
p/(a,) 


atoms per unit area in the planes parallel to the face. The 


0; for the face plane 


and by recognizing that is the number « 
summation over k can thus be incorporated into a factor 
p within each plane (since all atoms of a unit cell within 
the same plane parallel to the surface contribute equally 
(to the average energy term) and into the variable m3 for 
different planes, provided all planes are equally spaced 
along the normal to the surface. 
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Table Lattice constants for 


SCHMIDT 


Lennard-Jones 


and G. JURA 


potential functions in units of 


a’ unit cube edge) 
{ 


] + 
Attice 


(BA100)) 


tace-centere 


Infir 
Semi-i! 
— 
aimen 


Infinite 


(P4100)) 


, l | 
se-packed 


(6) 


The final form of equation (6) incorporates the general- 
ized Riemann zeta function which can be conveniently 
(z) and 


‘ : ks 
evaluated by the use of polygamma functions 4 
equatior (7). The most slowly converging orders of 


tabulated polygamma 


zeta tunctions are covere by 


functions 
ue . . ny 
{""(z) ‘ ris (/) 
(6) is the as 


of the 


atom at position (1, X2, A 


Expressio1 ymptotic series of a rapidiy con- 
term for the interaction 


with the half crystal as 


ming expansion energy 


the final ex- 
simply 


derived by Hove and KRUMHANSL!'®) but 
interaction 1S more 


It should be pointed out 


pression the averag¢ 


derived by the above route 


that the average interaction energy term given by (6) 
does not depend upon the exact structure of the sub- 
lattice but only upon the spacing do and the densities of 
planes parallel to the face so that the result embodied in 
a cubic crystal, 


equation (6) is not at all restricted to 


though the derivation would be cumbersome in the 
general case 

Now consider a whole plane oft atoms parallel to the 
within the plane at a 


\ further condition 


face plane with a lattice constant a 
distance zdo above the half-crystal 
we will impose is that the interatomic distance along any 
in the 
mensurable with the interatomic distance along the same 
direction in the sublattice. Then atoms in the superposed 
plane will fall over every position relative 


and the term for the 


directior superposed plane be essentially incom- 


“misfitting’ 


to unit cell faces in the sublattice, 


atom A 


0-07077 235 259-64 
0:04655 

(a’ ja’ 3: 37°27 260°1 
0 -06607 

(a‘*/a’ 

0-04739 

(a‘/a’ 

0-07658 


(a a 


interaction energy between the plane and the half crystal 
per unit of area will be the product of the energy term in 
(6) with the atoms per unit area in the superposed 
plane S 


9) 


2,2)/(t—2)d, 


(8) 
The total surface energy over the (hk/) face of a half- 
crystal is given by 

e(hkl) = est+e(z)—w' Ey + ey(hk!) (9) 


unit area within the 
that 


where es is the energy term per 


superposed plane (a function of the structure of 
plane), e:(z) is the potential energy term for interaction 
between the layer and the half-crystal as developed 
above, and e;(hk/) is the excess surface energy of an un- 
distorted half-crystal. The negative term in (9) is a sub- 
traction of the energy of atoms in the infinite crystal 
(lattice energy B per atom) to make the total expression 
represent only the excess energy due to the presence of 
the surface. Summation constants for calculation of terms 
and ey are given in Table 1. Such 
methods given in the 


of the type ets, Et, 


constants can be calculated by 


references.(!; ®, 10 

As an example, consider a face-centered square 
argon lattice subject to the conditions imposed 
above with an adjustable lattice constant a* at a 


distance zdp 42a? above the (100) face of a 


perfect semi-infinite face-centered cubic lattice of 
argon. We use a potential function (2) with para- 
meters for argon (at 0°K with < and 2; corrected 


to exclude zero point vibrational effects) given by 
CORNER")), 


1-107 x 10-Merg A®/atom, 


(10) 


3 l 6 A, Ag 


Ajo = 1°859 x 10-7 erg Al?/atom. 
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The total surface energy for this model as given by 


(2), (8), (9) and (10) is 
— (100) +e12(100) = —w’AgPs/2(as)6+ 
+w'A,2Pi2 2(a*)l2 — 
Sone ag oe ee ee 
— [eee Agar 2d) )o(4,2) — [ 
+ w'AgAg 2(ap)®— w'Aj2A42 2(a2)}: 
b a 1 
— wAgBe(100)/2(a5)6 + 
+ whj2By9(100)/2(a")12. 
The factor 2 in the denominators of several of the 
terms of (11) is to correct the term for the counting 
of each pair interaction twice in multiplying the 
summation constant by w or w’. 
Setting the derivative of (11) with respect to z 
equal to zero gives an implicit expression for the 


minimum energy separation z9 independent of 


the other variable, a’. 


(5,30) = Ar2¢(11,20) dnAG (12) 


This equation can be solved by successive approxi- 
mations facilitated by the use of polygamma 
functions) and equation (7). The derivative of 
(11) with respect to a’ with the above value of zo, 
incorporated gives a quadratic expression in 
(as a?)6 which when set equal to zero gives the 
critical values 

» = 1-233 


1-035 and ap/ay = 


s 
a,/a = 0 


0! 0 


Table 2. “‘Misfitting surface’ energy (ergs/cm?) Zo = 


Face-Centered Square 


Relative 
Minimum 

Energy 
(a‘ /a’) 1-035 
Intra-Surface e¢s — 49: 
€128 +20°8 
Surface-to-Crystal e6(Zo) - 68°: 
e12( Zo) +25: 

Infinite Crystal —w' Eo +93- 
Perfect-Half-Crystal e¢7(100) +78°: 
e12H(100) — 33:5 

Total Surface Energy +67: 


* The discrepancy between this value of e7#(100) 
exclusion of expansion due to zero point vibration. 
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Substitution of these values into equation (11) 
gives relative maximum and minimum values of 
the surface energy for this model. (Absolute maxi- 
mum and minimum energies are, of course, at 

= 0 and a’/a’ = ow respectively.) These 
relative maximum and minimum surface energies 
are shown in Table 2 split into terms correspond- 
ing to those in equation (11) to indicate how in- 
dividual terms contribute to the energy. Results 
are included for a misfitting close-packed super- 
posed plane as well. 

The energies of these models are about 50 per 
cent greater than those of the undistorted half- 
crystals (or what is about the same, the energy of 
the half-crystal with an expansion normal to the 
surface only as discussed by SHUTTLEWORTH")), 
and thus this model cannot represent the equili- 
brium configuration of 0° K. The magnitudes of the 
terms in Table 2 indicate that the closer the pack- 
ing of the superposed plane, the more favorable is 
the minimum energy configuration since increasing 
the multipliers P; by increasing numbers of near- 
est neighbors increases the negative contribution 
of intra-planar terms. Thus the minimum energy 


obtained using a close-packed superposed plane 
appears to be the lowest energy obtainable with 


any misfitting plane of regular structure. 


3. THE “RIPPLED SURFACE” MODEL 
It might be supposed that a large part of the 
excess energy found in the first model is due to the 


1-283 


Close-Packed 


Relative 
Maximum 
Energy 


Relative 
Minimum 
Energy 


Relative 
Maximum 
Energy 


>? 
+3 


wuuU do UT Ww 


1.71. 


‘5 and that of SHUTTLEWORTH") (42-7) is due to our 
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Table 3. 


HMIDT 


and G j RA 


Vinimum energy position and interaction constants for atoms 


above f.c.c. lattice 


superposed two 
dimensional la the misfitting layer 
as a function of x) and 


Table 3 


ld } 1] j 
could be aliowea 


xo, the surface energy could be reduced. 


gives values of the minimum energy 20(%1, x ) and 


I 


the respective lattice sums for an atom ove! the 


(100) face of f.c.c. argon obtained by differentiation 


en ard- Jone s lattic: pot ntials involving sum- 


minimum 


tions of th (3) to obtain the 


type 
energy with respect to variations in 2(%, %2) for a 
single atom interaction with the half-crystal. The 
implicit expressions obtained for 20(%1, x2) were 


solved by trial and error using the method of Hov1 


and KRUMHANSI 


1) except that the sum-integral terms involving 


9). Expression (13) corresponds to 


o be evaluated by graphical integration 
Table 


symmetry of the sublattice. 


3 extended by the obvious 


ée( 100) + e)0( 100) 


0-6851 


¥3) dX1aXe-4 


V'Aj2Aj2 2(a°)l2 wAgBe(100) 2(a?)6 4 
+ wAj2Bj0(100) 2(a?)12 


In using equation (13) we will assume that a* may 
be approximated by the component of the rippled 
layer lattice constant parallel to the crystal face so 
that the same lattice constants P; may be used as 
for the treatment of the planar layer. It can be 
shown using the final results of this treatment that 
this approximation can cause an error of at most 
3 per cent in the final surface energy regardless of 
the rotation of the misfitting layer because the 
difference in 29 for adjacent atoms is small enough 
so that the projection of the interatomic distance 
into the plane of the half-crystal face is nearly as 
long as the actual interatomic distance, and be- 
cause the alternating signs in (13) tend to make 
most of the error cancel. 

The surface energy may be minimized with re- 
spect to a in the same manner as before with the 
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result that the equilibrium lattice constants and 
minimum surface energies for the rippled surfaces 
are 


Centered-Square 
Rippled Surface 


Close-Packed 
Rippled Surface 


Si8 .. 14 8/,0 — 1.) 
Agito = 1-029 Agility = 1-029 


e(100) = 58 erg/cm? e(100) = 64 erg/cm? 


13 + e4(100) erg/cm? = 19+e7(100) 


erg/cm? 


or about 4 erg/cm? less than the energies for the 
corresponding misfitting plane. 


4. DISCUSSION 
The assumption of incommensurability of the 
atomic spacings in the superposed layer compared 
with the sublattice appears to put no substantial 
limitation upon the generalization of the above 
results to cover all models with lateral distortion in 


the surface layer since if a}/a) is a ratio of small 


whole numbers, e.g. 1, 2, or 3, with ay a’, the 
intra-surface attractive energy will probably be 
reduced to make this model less stable than one 
involving an incomplete surface which fits the sub- 
lattice. On the other hand, if a5 a? 
whole numbers as large as 4 or 5, then the repeat- 
ing range of “‘fit’’ will run over several unit cell 
faces, and within this range the surface-to-lattice 
interaction energy will be closely approximated by 
the averaging process used in the above models. 
Thus it seems unlikely that any static model will 
be found with lateral distortion in the first plane 
only which will be of lower energy than the crystal 
face by SHUTTLEWORTH. Sympathetic 
lateral distortions of the second and succeeding 


studied 


planes do not seem plausible. 

The treatment developed here may be used as 
an extension of the dislocation method of FRANK 
and VAN DER MERWE) on crystal imperfections and 
oriented overgrowth whenever their treatment 
implies a continuous series of spontaneous dis- 
locations. This would be the case when a strained 
“fitting” deposit changes over into an unstrained 
multilayer deposit with a minimum energy struc- 
ture of its own. Such structured deposits will be 
covered in our discussion of the grain boundary. 
The averaging process used above makes full use 


E 


is a ratio of 
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of the spherical symmetry of the potential function 
to give a method which is not complicated by a 
non-isomorphous deposit as is the dislocation treat- 
ment involving Hooke’s law perturbation of the 
lattice energy and interaction of directed Burger 
and ‘Taylor dislocation strains. It should be noted 
that the dislocation method does include another 
parameter to adjust for lower energy in the variable 
lattice constant of the superposed layer within a 
single dislocation. Thus, we would expect that 
where both methods are applicable, the dislocation 
theory would give a minimum imperfection energy 
lower than the minimum energy given by the pre- 
sent averaging process. 

Physical adsorption of a gas on a solid presents a 
case where the atomic diameters in the superposed 
layer and sublattice are different so that the mis- 
fitting layer would be more stable relative to 
specific site adsorption than in the cases discussed 
hetero-atomic potential 


Given reliable 


functions it should be possible to discuss the re- 


above. 


lative contributions of monolayer-substrate and 
intra-monolayer energy terms to the adsorption 
energy and packing of the adsorbate by the above 
approach. Adsorption of one inert gas on a pre- 
surface of another inert 


high area 


gas(l2) would be the most idealized case for which 


adsorbed 


there is experimental data. The main problem in 


applying this approach, however, is the complex- 


ity of estimating the effects of lattice vibration 
(even barring disordering of the lattice) in the 
vicinity of a lattice imperfection. This was the 
reason for the use of a static lattice in the above 
treatment even to the exclusion of the expansion 
effect of zero point vibration. Treatments of the 
infinite lattice which make use of the Debye char- 
acteristic temperature to calculate thermal ex- 
pansion and kinetic energy terms“ cannot be 
used in regions of unsymmetric force fields. Cal- 
culations of the surface energy of the above models 
using the value of a’ 5:39 A at 
0°K (including a 1-3 per cent expansion due to 


observed 


vibration) would give the same qualitative results 
but all of the surface energies would be reduced by 
a few ergs/cm? and the effect of the zero point 
vibration dissymmetry on the kinetic and potential 
energy of the surface would have been unjustifiably 
neglected. It is interesting to note that the energy 
excess of the most favorable model discussed above 
(13 erg/cm? above the energy of the undistorted 
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eS 


semi-infinite lattice for the close-packed rippled 
layer) amounts to 240 cal per gfw of misfitting sur- 
face while the zero point energy of the bulk crystal 
is 180 cal/gfw{®) and the heat of fusion of argon is 
281 cal/gfw.@4 


. SHUTTLEWORTH R., Proc 


. Jura G., 
. SHUTTLEWORTH R., Proc 
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Abstract—The expression derived in the previous paper) (hereafter referred to as (1)) for the 
average inverse power potential energy of interaction between a particle at a fixed distance above 
a half-crystal face and the half-crystal is applied to a calculation of the minimum energy spacing 
and interfacial energy between two perfect half-crystals placed together to form a “completely 


misfitting’’ grain boundary. 


The grain boundary energies and spacings of various juxtiposed 


surfaces of face-centered cubic argon at 0°K are calculated as examples with the following results 
in ergs/cm?: (100)-(110), 41-7; (100)-(111), 22-8; (111)-(111), 16-0. This method would seem 
to be applicable to any system obeying the specified type of potential function when there is a 
continuous spontaneous generation of dislocations in two dimensions at the boundary as appears 
to be the case for large angle twist or tilt boundaries. 


1. MODEL OF THE GRAIN BOUNDARY 


WE CONSIDER a model of the grain boundary 
between crystallites P and P’ illustrated by Fig. 1. 
In addition to the restriction to potential functions 
made up of pairwise additive inverse power terms 
of the type in (1) equation (1), we specify that 
the interatomic distances along any direction 
parallel to the grain boundary in crystallite P be 
essentially incommensurable with the interatomic 
distance in the same direction in P’. This “com- 
pletely misfitting’’ model of the grain boundary is 
thus analogous to the repeated application of the 
“misfitting plane” model of the surface in (1) 
except that the structure of the superposed layers 
making up P’ is assumed to be determined entirely 
by the equilibrium structure of a half-crystal with 
the specified face plane. Let dp be the interplanar 
spacing in crystallite P normal to the boundary, 
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and 2’dy the corresponding distance in P’. The 
distance between the planes of atom centers on 
either side of the boundary is zdg which, at equi- 
librium conditions of minimum free (or total) 
energy at 0°K, will be designated zodp. As in (1) 
we shall use parameters appropriate to static 
lattices with no zero point vibration. Notation will 
parallel that in paper (1). 


Cross-section of a (100) to (111) completely 
misfitting grain boundary. 


Fic. 1. 


The interaction energy term per unit area 
between the plane of P’ nearest the boundary 
(n = 0) and the half-crystal P is identical with the 
interaction energy term of a structured “misfitting 
plane” with P as given in (1) equation (8), and the 
interaction term for all of the planes of P’ with 
n= 0, 1, 2... is, for the inverse f power term 
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where w and w’ are the atoms per unit area in the 
faces of P and P’ C(t 2,z+2’'n) is the 
generalized Rieman Zeta function of order t—2 


and 


and argument z+ 2'n. 

Che total grain boundary energy of the model 
includes, in addition to terms of the type in 
equation (1), the excess surface energies of two 
SHUTTLE- 


perfect half-crystals as discussed by 


WORTH") to give 
t éy( Akl) t en (h’k'l'). 
(2) 


Ctank hki, h k l } 


Ctgh\ 2) 


The assumption of perfect lattices up to the grain 
boundary will be discussed below but is defended 
at this point on the basis that, as demonstrated 
in (1), the lowest energy configuration of a semi- 
infinite atomic crystal retains the structure of an 
infinite crystal all the way to the face except for a 
slight expansion (with very little effect on the 
energy®)) normal to the face. We would expect 
this expansion and any disordering affect near the 
interface to be energetically less favorable with the 
constraint of a structured crystallite on both sides 
of the boundary and the compressive interaction 
of the two crystallites. 

If we use a two term potential energy expression 
of the type 


vit Au yu, (3) 


up a two term grain boundary expres- 


c At)? 


we may set 
sion corresponding to (2). 
eyr( hkl, h'k'l') Cugh2) 
wAr BA hkl) /2( 1?)t4 A ywB,(hkl)/2( 4) - 
20 Bh’ R'l')/2(a®)t+- w'AyBu(h'k'l')/2(a®) 


(4) 


Ctgn(&)4 


The constants B(hR/) and By(hkl) are half-crystal 
summations The minimum energy spacing of 
the crystallites, z9, obtained by setting the deriva- 


tive of (4) with respect to z equal to zero is given by 


. , AU 
C(u—1, 2o+2°n)/Ad, 


0 
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Equation (4) may be put into a more general form 
independent of potential function parameters by 
recognizing that the Au/At is related to 
structural constants of the perfect infinite crystal 
and the equilibrium lattice constant a’ by the 
minimum energy condition for the perfect crystal 


ratio 


= UrAyAy tyrAt 


where A, and 4; are three dimensional lattice sums 
tabulated for cubic crystals for powers 4 to 30.®) 
Equation (4) then becomes, in terms of pure 
structure parameters and a’ 


x 
Ss C(t—1, z9+2'n) 
2—0 


K(t, u) p2 C(u—1, s9+2'n)K(t, u) 


n=0 


tA,(a?\u-0/uAy(do)". (6) 


ai) 


2. Minimum energy boundary spacing parameter 


K(6, 12) vs. equilibrium spacing 


The nearly linear relationship between K(6, 12) 
and gp is illustrated in Fig. 2 for three values of 
z’. The case 2’ 900 1s identical with the single 
misfitting plane discussed in (1). Cases for which 


z 1-0 may be included in the range of the 


graphs by interchanging definitions of P and P’. 


2. SAMPLE RESULTS: F.C.C. ARGON 
The results of solution of (6) by successive 
approximations and evaluation of the boundary 
energy in a 6,12 potential function for several 
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misfitting f.c.c. argon faces in contact are given 
in Table 1. These calculations indicate that the 
grain boundary spacing is very insensitive to the 
choice of P and P’. Furthermore, according to 
equation (1), since variations in the boundary 
spacings are small and since z’ enters only into 
small terms in the zeta function summation, the 
value of the interaction energy between the 
crystallites is governed primarily by its proportion- 
ality to w and w’ which vary widely with the 
choice of P and P’. These values of w and w’ are 
also the most important parameters in the com- 
parisons of total grain boundary energies because 
en(hkl) is relatively insensitive to face orientation. 
It thus appears that the (111) to (111) misfitting 
grain boundary energy, representing, for example, 
a completely misfitting twist boundary in the (111) 
plane, is the lowest grain boundary energy obtain- 
able by this model as is to be expected. 


Table 1. 
do a? 


(111) 
(100) 
(100) 


3. DISCUSSION 


The discussion in paper (1) concerning the 


plausibility of the incommensurable layer model 


and its relationship to problems of adsorption and 
the FRANK and VAN DER MERWE) model of im- 
perfections holds also for the multilayer super- 
posed crystallite model presented here, except that 
in the present case the incommensurability con- 
dition will be imposed by the two crystallites for 
all but “twinned” orientations. ‘The assumption 
that each crystallite is perfect up to the boundary 
in the absence of thermal motion seems plausible 
in light of the results of (1) on the rippled surface 
model which indicated that allowing rather exten- 
sive energy-lowering rearrangements in the in- 
commensurable plane surface model had very 
little effect upon the excess surface energy. We 
may expect that additional structural variables in 
the grain boundary case would have even less 


en hkl) 


energy lowering effect with the demonstrated 
stability of the perfect half-crystal structure on 
either side of the boundary. The energy cal- 
culated by this minimization process represents, 
of course, an upper limit of the true energy for the 
equilibrium case regardless of the equilibrium 
structure. The model of Reap and SHOCKLEY) 
applies to small angle grain boundaries where the 
misfit of the crystallites can be considered to be 
taken up by independent edge dislocations and a 
strain of the crystallites in the vicinity. Under the 
present model the dislocations are assumed to be 
so close together that the strain is taken up entirely 
in the plane of contact of the crystallites. 
Experimental work on grain boundary energies 
has been confined mainly to observations of the 
interaction three grain 
Un- 


fortunately these measurements have controlled at 


equilibrium angles of 


boundaries in oriented metal samples.) 


Interaction and grain boundary energies for various argon faces 


‘Total GBE 


erg/cm* 


erg/cm* Interaction 


erg/cm- 
—70-0 16-0 
— 50-4 41-7 


—65-2 22°8 


most three of the five degrees of freedom of the 
two crystallites at a boundary so that only differ- 
ences in orientation are known, not the indices of 
the boundary. In these experiments the grain 
boundary energy seems to be constant at large 
angles, though the scatter is sufficient so that fine 
structure due to individual bounding planes prob- 
ably would not be detectable except in the case of 
HERRING?) that certain 
appreciable variation of 


“twinning’’. suggests 
observations indicate an 
energy with boundary orientation and that such a 
variation would require a more complex treatment 
of boundary angle data. 

Conductors cannot be treated by a simple pair 
potential function so that analogies between these 
experimental results and the calculations above 
would not be valid even if we knew the affect of 
thermal disorder. There is data on AgCl boun- 
daries‘8) which could be treated by the above 





: ee: B 


approach using ionic as well as van der Waals 


interactions if the complications of polarization 
of the boundary ions could be neglected, but such 
an assumption does not seem justified. In the 
case of this ionic crystal the experimental results 
indicate invariance of the boundary energy at large 
angles. Both thermal disorder and the longer 
range forces would tend to smear out structure 
and energy changes with face plane orientation 
for these high temperature ionic crystallizations in 


contrast to atomic crystals at 0°K. 
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Abstract—The Guggenheim method for treating semiconductor statistics using the grand partition 
function is applied to multi-level impurities in Ge assuming a model for electron configuration at the 
impurity based on the present knowledge of the energy band structure of Ge. The results are ex- 
pressed in terms of effective one-electron energies corresponding to the one-electron levels associated 
with the impurities. The difference between these effective one-electron energies and actual one- 


electron energies is emphasized. 


1. INTRODUCTION 
‘THE THERMODYNAMIC treatment of the statistics of 
single level donor impurities by LANDsBERG”) has 
been extended to helium-type donor impurities by 
STRATTON), More recently, SHOCKLEY and Last®) 
generalized this thermodynamic approach to the 
case of “localized flaws’ which may have several 
levels. However, some time ago GUGGENHEIM) 
indicated a procedure for the general treatment of 
the statistics of impurities in a semiconductor 
using the grand partition function. LANDSBERG") 
has formulated this Guggenheim method (G.M.) 


P 
NyeyN1sNiny *** 


in a general way emphasizing its validity and ease 
of application. 

In the present note we apply the G.M. to sub- 
stitutional, multi-level impurities. We use the one- 
electron approximation and assume that energy 
band structure may be used as a guide to the 
energy levels of any electrons near the impurity. 
We also assume that the manner of occupation of 
each of the centers does not affect the manner of 
occupation of any other center. Further, it is 
assumed that the manner of occupation of the 
centers does not affect the valence or conduction 
band levels of the host crystal. For simplicity we 
also assume that the host crystal lattice is rigid. 

The energy of a state of the semiconductor may 
be written as 


Es = Eqt+{mpex+mer+nmemt «-} (1.1) 


= C exp[—an—P(ngex+mert+nmemt ... 
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where Ep is the total energy of the crystal including 
contributions from all core electrons, but not in- 
cluding outer electrons such as valence band, 
impurity level, and conduction band, electrons. 
The contributions from these latter electrons are 
included in the terms in curly brackets on the 
right hand side of equation (1.1) where m is the 
number of electrons each with one-electron 
energy «. The probability for the occurrence of a 
given state in an ensemble of members containing 
all different possible numbers of outer electrons 
may be written ®) 


)] (1.2) 


where C is a constant into which we have put 
the contribution corresponding to Zo. Here 
4 = —er/RT, B = 1/RT, and ep is the Fermi 
energy. The total number of outer electrons 

(1.3) 


n= Me+nN+Nmt 


varies, having any value from zero to infinity. 
The probability for the occurrence of an 


impurity in a given ionization state, (i.e. with a 
given number of outer electrons) may be formu- 
lated using equation (1.2). For this case, we are, 
in general, dealing with degenerate, dependently 


occupied one-electron states. Dependently occu- 
pied means that the population of a given one- 
electron state depends on the presence or absence 
of other electrons at the impurity. If [r, s, ...] are 
the one-electron levels which are dependently 
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occupied at a given impurity, the normalized 


probability for the occurrence of one of the non- 
degenerate component states of the impurity com- 


patible with [m,, ms, ...], 18 


lhe essential step in the G.M. is the enumeration 
of the possible configurations compatible with a 


given set, [7r, Ms, Using equation (1.4) and this 
resolution every degenerate State into 1ts non- 
States, we aré able 18) 


dege nerate component 


adequately treat th problem of statistics for 1m- 


semiconductors. In the following 


] 
multi-level 


puritic Ss In 


} 
sections, we consider acceptors and 


donors in Ge using model for possible electro1 


configurations based on the present knowledge o! 


the energy band structure of Ge. 


2. ACCEPTORS 


The concept of tetrahedral bonding’ for 


sub- 


stitutional impurities has been very useful as a 


qualitative ruidk for the prediction of the type and 


number of ionization energy levels associated with 


a given impurity. In this picture, a substitutional 


impurity may gain or lose as many electrons as 1s 


four covalent 


participating 1n 


\ 
compatible with 


bonds each of which has two electrons. An acceptor 


may accept as many electrons as are necessary to 
fill in the eight electrons of the tetrahedral bonds. 
Thus gold which has only one valence electron in 
; three elec- 


that 


its atomic state, may accept aS Many 


Parenthetically, we gold 


trons. may note 


exhibits the possibility of donating its one valence 
electron. 

We may imagine a box centered at the acceptor 
may contain as many as eight 


impurity which 


electrons and as few as four. We assume that these 
electrons may be described in terms of the valence 
band wave functions. In Ge, there are four doubly 
de generate valence bands. The two with highest 
energy (namely, V; and V2), 
generate at k = (0). One of the others, V3, is split 
off from these by spin-orbit coupling and lies some- 
what lower in energy. The last one, V4, (s-like at 
k = ()) lies considerably lower in energy. We 


are themselves de- 


and 
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assume that the eight possible electrons are split 
up in a similar manner. ‘Thus, two electrons, paired 
in some sense, are described mainly in terms of 
the V4 bands and are at the lowest energy of the 


4+ Ber)ny+(a+B 


(1.4) 


—[(a+ Ber)my+ (a+ Bes)ns 4 


eight electrons. ‘wo other electrons, paired in 
some sense, are described mainly in terms of the 
V3 bands and are at a somewhat higher energy. 
‘There may be as few as no electrons or as many as 
four electrons described mainly in terms of the Vj 
and V> bands. The energies of these electrons are 
higher than the first four. Since the V; and Ve 
bands are degenerate at k = 0, we assume that all 
electrons present at these higher levels, have the 
same energy but this energy will depend on the 
number present. 

Then a three-level acceptor such as gold which 
has donated its electron (i.e., Au*) has only four 
electrons around it. Two of these are in the lowest 
lying level, each with energy e? and two are in the 
next lowest level each with energy “ The neutral 
three-level acceptor has one electron with energy 


é 


c, Which may be in any one of the four states, 


A, 4, v, w, while the energies of the electrons at the 
lower lying levels are shifted to eg and ep, respec- 
tively. The singly ionized center has two electrons 
each with energy €’ which may be in any two of 
the four states, A, x, v, w, and the energies of the 
electrons at the lower lying levels are shifted to 
e’ and €,, respectively. ‘The doubly ionized three- 
level acceptor has three electrons each with energy 
«” which may be in any three of the four states, 
\, 4, v, w and the energies of the electrons at the 
lower lying levels are shifted to €” 


triply 


and €), 


three-level 


respec- 


tively. Finally, the ionized 
acceptor has four electrons each with energy e” 
which are in the four states, A, », v, w, and the 
energies of the electrons at the lower lying levels 
are shifted to «” and €;”, respectively. The electron 
populations for the various ionization possibilities 
of the three-level summarized in 
Table 1 


lf mn is the vector representing a given set of non- 


acceptor are 


degenerate population numbers (a row in the 
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Table 1. Population chart for three-level acceptors (Subscripts designate which states are occupied.) 


0 
€a 





Donor 2 


ionized 


Neutral 


Singly 
ionized 


Doubly 
ionized 


Triply 
ionized 


. aw - R(9.' 4 De? 
population chart), +6 exp {—[6%+A(2€, +2; +2’) |}+ 


" 


0 d ” 1 gg gm +4 exp{—[7a+4+/ 
Nyy Nb, My, Nyy My, Ney Nay Nay M/, l, € pi-| 


0 1 yt nm 
[n> May Nj, M51, 
+ exp {—[8%+A(2e"” + 2 
the corresponding vector for one-electron energies Pi-| sane 
and «, a constant vector with equal components, (2.2) 
we may write, using equation (1.4), 
7 define the effective one-electron energies 
P(n) = exp[—(a+fe)+n]/ > exp[—(«+ fe) - 1] 

n = 2.2 = 


(2.1) = 2eqat 2ept a 


» _— Léa = 2€p z= €¢ 


where the dot represents a scaler product and the 
sum in the denominator is over all possible sets of a 1 3e” —2e’ —2e? 
n (all rows in the population chart). The denomina- E 

“4 


tor of equation (2.1) may be written out 
— 7942.9) = 
D = exp{—[4a+A(2,+2¢,)}} + FE is the energy necessary to put one electron on 


+4 exp {—[5a+B(2eq + 2e,+ €c)]} + the donor-ionized three-level acceptor to yield a 
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neutral center, E2 is the ionization energy of the 
first hole on a three-level acceptor, etc. 

One might say crudely that a triply ionized 
three-level acceptor center has four electrons on 
four effective levels, £), Fo, £3, Ey. Such a view may 
be useful in discussing such matters as photocon- 
ductivity, but may also be misleading in a dis- 
cussion of the statistics of impurities with the aim 
of say, finding the Fermi energy. Thus Khartsiev, 
MasuHovets'®), 
acceptor by 


as reported by considered the 
statistics of a three-level 


there were three independent electrons of either 


assuming 


spin at levels corresponding to our Es, Ez and EF, 
subject to the that the levels were 
occupied in ascending order. MAsHOvETs used the 
usual one-level Fermi function at each level 7; i.e 


restriction 


fe {(1/2) exp(a+f;)+1]-!, 


so the probability for the occurrence of a singly 
>) (3) 

ionized acceptor would be fr Sp for a 

ionized acceptor, fe 73 Sky» and the triply ionized 

acceptor fifita’ where fx, is the probability that 

the j* level is unoccupied. MAsHoveTs uses these 


expressions to determine the Fermi energy. How- 


doubly 


ever, since it is unlikely that the individual elec- 
trons of either spin are actually at energy levels 
corresponding to hole ionization energies (i.e. some 
model such as the one we are proposing is probably 
closer to the actual situation), MASHOVETS’ pro- 
cedure is open to some question. 

With this word of caution concerning their use, 
we express our results in terms of the E’s as they 
are the experimentally measured quantities. Since 


we started from the actual one-electron levels (of 


our model), our use of the E’s is just convenient 


shorthand. Let a, be the number of impurities 


with (4+) electrons in the box around it so that 


the total number of impurities is 
(2.4) 


and we have 
texp[4a + P(E) + Fo+ F3+ £4) |} Ro 
4 {exp[3«+P(F2+ F3+ F4)]} Ro! 
B(E3+ E4)]}Ro} 
= 4 fexp(«-4 BE4)}Ro! 


fexp[2a 4 





and 
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where 
= fexp[4a+)(E, + Fo+ £3+ Es)]+ 
+4 exp[3«+ B(E2+ F3+ E4)]+ 
+6 exp[2«+P(E3+ E4)]+ 


+4 exp(a+fF4)+1} (2.6) 


We consider some special cases. For the case 
4+BE, < 0, it follows that aj ~ 0 and we have a 
three-level acceptor with no possibility of donating 
an electron. We may then neglect the first term in 
Ro and evaluate a;/N, ao/N, a3/N and a3/N from 
equation (2.5). For the case «+f8F), «+BE2<0, 
it follows that ao, a; ~ 0 so we have a two-level 
acceptor. We may neglect the first two terms in Ro 
and evaluate a2/N, a3/N and a4/N from equation 
(2.5). For the case «+ 8E}, x+BEo, «+BE3<0 
follows that ao, a1, a2 ~ 0 so we have a one-level 
acceptor. We may neglect the first three terms in 
Ro and evaluate a3/N as follows: 


(«+BEs)]+1}72 


a3/N is just the probability that there is a hole on 
the one-level acceptor. Note that this result is con- 
sistent with the effective mass approximation) in 
which the hole on the one-level acceptor is des- 
cribed in terms of wave functions belonging to the 
V, and V2 bands so that it is in a four-fold degener- 
ate state to a first approximation. 


a3/N = {(1/4) exp[- (2.7) 


3. DONORS 

For the case of donors, we assume the electrons 
in the bonds of the impurity are no longer localized 
and therefore act like any other electrons in the 
valence band having the same statistical properties 
as valence electrons of the host crystal. The only 
electrons localized at the impurity are electrons in 
excess of those necessary for bond formation and 
the impurity may be characterized by the number 
of these electrons. Such electrons are 
assumed not to affect and not to be affected by the 
they may be described in 


‘< ” 
excess 


valence electrons; 1.e. 
terms of conduction band wave functions. 

The excess. electrons 
observed on donors has been two®; e.g. Te. 
Both GUGGENHEIM™) and STRATTON®) considered 
this case of the assuming the 
excess electrons had a helium-type configuration. 
For this case, a neutral two-level donor has two 


greatest number of 


two-level donor 
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excess electrons in a singlet state each with energy 
€ds. The singly ionized two-level donor has one 
excess electron of either spin with an energy eq. 
The doubly ionized two-level donor has no excess 
electrons. We may form the population chart, 
Table 2. 


Table 2. Population chart for helium-type donor 


Neutral 


Singly ionized 


Doubly ionized 


We define the effective one-electron energies 
Ea = €&¢ 
tS. 8) 


Eas = 2€as—€a 


Let dy, be the number of impurities with n excess 
electrons so that the total number of impurities is 


4o| N 
ah|N 
do/N 


fexp(x+BEa)}Qs! 
205} 
{exp —(%+ Eas)}Q>! 
where 

Qo = [2+ exp(a+fEz)+ exp —(a+ BEas)| 
(3.4) 


In the special case «+8Eas > 0, we have the 
usual one-level donor case when the excess elec- 
tron is described by a spherically symmetric, spin 
degenerate wave function; i.e. 


d;|N + fp = [1+(1/2) exp(2+BEu)] (3.5) 


Suppose however, we consider the one-level 
donor in the effective mass approximation with 
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75 
multi-valley ellipsoidal conduction bands. Then, 
the one excess electron has, to a first approxi- 
mation,) a degeneracy equal to the number of 
such minima. For example, in Ge, there are four, 
lowest lying, doubly degenerate, ellipsoids at the 
Brillouin zone boundary along the (1, 1, 1)- 
direction. This leads to an eight-fold degeneracy 
and 
Ge ’ m 
fp = [1+(1/8) exp(a+BFa)]“ (3.6) 
Similarly, in Si, there are six lowest lying, doubly 
degenerate, ellipsoids along the (1, 0, 0)-direction 
in k-space and we have 
(3.7) 


{> = [1+(1/12) exp(«a+ f£)]-! 


for the probability that there is an electron on the 


one-level donor.* 
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Abstract 


\ simplified theory is given of the expected form of the optical absorption and recom- 


bination radiation spectra due to direct transitions between hydrogen-like acceptor levels and the 


conduction band in a semiconductor with simple bands. Some necessary modifications to the simple 
theory are discussed, and it is shown that transitions from acceptor levels could be the cause of an 


observed shift of the absorption edge to longer wavelengths on passing from n- to p-type GaAs. For 
recombination radiation, some experimental curves on the III-V compounds which probably involve 
transitions to impurity levels are rather broader than those predicted by the simple theory. 


1. INTRODUCTION 


OpTicaAL absorption measurements made at 
S.E.R.L. on specimens of GaAs show a shift of the 
absorption edge to longer wavelengths on changing 
from fairly pure n-type to doped p-type material. 
A similar shift has been observed in CdTe. In 
addition bumps have sometimes been observed on 
the long-wavelength side of the absorption edge 
in the absorption, photoconductivity and recom- 
bination radiation spectra of other p-type semi- 
conductors. 

A possible mechanism to explain these effects 
that of 


levels and the conduction band. A theory is given 


is transitions between shallow acceptor 
here of absorption and recombination radiation 
due to such transitions, the assumption being made 
that associated with the acceptor impurities there 
is a set of one-hole states whose wave-functions 
and energy levels are analogous to those of the 
one-electron states of hydrogen-like donor im- 
purities. As it appears to be inconsistent to talk 
about one-electron levels for this type of acceptor, 
we make use of the rather artificial concept of holes 
in the conduction band in order to be able to 
describe the optical transitions as involving only 


one charged particle. 
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In Section 2 a discussion is given of the wave- 
functions of the acceptor levels making the above 
assumption, Section 3 is devoted to a calculation 
of the absorption due to direct excitation of holes 
from the conduction band to these levels, while 
Section 4 deals with the closely related problem 
of recombination radiation due to transitions of 
holes from the impurity levels to the conduction 
band. In Section 5 some of the shortcomings of 
the simplified theory of the previous sections are 
considered, and in Section 6 some experimental 
results on absorption in GaAs and recombination 
radiation in GaN are discussed. 


2. THE IMPURITY WAVE FUNCTION 

For the purpose of calculating optical absorption 
due to an impurity it is useful to express the wave- 
function of the impurity level in terms of the wave- 
functions of the bands. 

Let the Bloch functions with wave-vector R for 
the conduction and valence bands of a semicon- 
ductor crystal be wc(k,r) and y,(k,r) respectively, 
where wc(k,r) = u(k,r) exp(tk+ r) and ¥,(k,r) = 
v(k,r) exp(tk + r), u(k,r) and v(k,r) being periodic 
functions of position, r, with the periodicity of the 
lattice. We shall assume that the functions are 
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normalized over the whole volume V of the 
crystal. 

When the hydrogen-like approximation of the 
hole levels associated with an acceptor impurity is 
valid, which requires (amongst other things) a 
simple valence band, the wave-function ®(r) of an 
acceptor level is composed entirely of valence-band 


functions, and may thus be put in the form 


O(r) = 


Sa(k)po(R, 1), 








valence odand 


Energy band diagram showing 


impurity levels. 


where the summation is over all wave-vectors R. 
Hydrogen-like theory predicts that associated with 
each acceptor impurity there is a series of doubly- 
degenerate hole levels split off from the valence band 
as shown in Fig. 1. and that apart from normal- 
ization constants the coefficients a(k) are given to 
a good approximation by Fourier transforms of 
hydrogen-like functions. When the impurity is 
ionized there are no holes in these levels. 

[In this paper we shall only consider transitions 
involving the 1-s like impurity level, i.e. the top 
level in Fig. 1. For an impurity at the origin, the 
coefficients a(R) in the expansion (2.1) for the 
wave-function of this level turn out to be given by 


a(k) = 8al/2V-1/2{5/2/(A2 + R2)2} 


k|, and (1/A), the ‘‘radius” of the 1m- 


aok(m/m,), where ap is the Bohr 


Here k 
purity level, 
radius of a hydrogen atom, « is the dielectric con- 
stant of the material, m is the free-electron mass 
and my, is the effective mass of holes in the valence 
band of the semiconductor. Thus the coefficients 
in the expansion of the wave-function are approxi- 
mately independent of k near Rk = 0, and decrease 
as k~4 for large k. For GaAs, putting m,»=0-5 mand 


acceptor 


« = 13, Ais about a fifteenth of the magnitude of 
a wave-vector at the edge of the first Brillouin 
zone. The impurity ionization energy E; = 
(h?/2m,)A2 has a value of 0:040 eV if the above 
figures for « and my are used. 

For further details about the hydrogen-like 
KOHN’S article on 


approximation see review 


shallow impurity states in Si and Ge. 


3. ABSORPTION 
Let us now calculate the absorption coefficient 
due to transitions of holes from the conduction 
band to the 1-s like hydrogen-like 
acceptor impurities in a semiconductor with 


states of 


simple bands. We shall only consider direct trans- 
itions, i.e. those not involving the absorption or 
emission of a phonon. Absorption coefficients due 
to indirect transitions are likely to be several orders 
of magnitude smaller. 

If we suppose that plane-polarized radiation of 
angular frequency © is incident on one face of a 
semiconductor crystal, and treat the interaction 
between the holes and the radiation as a perturba- 
tion, then it can be shown that, if the wave-vector 
of the photons involved is neglected, the absorp- 
tion coefficient «(w) due to transitions of holes 
from the conduction band to N; acceptor levels 
per unit volume with wave-functions of the type 


Dy i(R)yb,(R,1) 


k 


(P(r) 


is given by 
417e2h? 


4( w) V7 (3.1) 


“ p\ Ker ). 
noem2w 
Here e is the electronic charge, / is Planck’s con- 
stant over 27, c is the velocity of light 7 vacuo, n 
is the refractive index of the material, k’ is a wave- 
vector such that the 
is,(k’ .r) above the minimum of the conduction band 


energy Eee of the state 


satisfies 


Kor’ hw (Ee Ey ), 


(where Lg is the energy gap and £7 is the energy 
of the impurity level measured from the top of the 
valence band), pis the density of states with respect 
to energy in the conduction band, the bar denotes 
an average over directions of k’, and J. is the in- 
tegral defined by 


Ty = Ju*(k' ,r)o/es u(R',r) dr, (3.3) 
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where u and v are the periodic parts of the Bloch 
functions of the bands, u* is the complex conjugate 
of u, 0/és denotes differentiation with respect to 
the direction of polarization and the integration 1s 
over the whole crystal. 

Now since u and v are slowly varying functions 
of wave-vector, and the a(k) are small except for 
small values of k, for the 
interest it should be a fair approximation to put 
Tp Ig in (3.1) provided that Jpg does not vanish. 
This vanishing should only occur if the functions 
u(o,r) and v(0,r) have particular symmetries, e.g. 
if they both transform like s-functions under the 


wave-vectors k’ of 


action of the operators of the crystal point group. 
For Ge, Si and the III-V compounds it is thought 
that the conduction band functions at zero wave- 
vector have s-like symmetry, while those for the 
valence band transform as p-functions, so there is 
no reason for Jpg to be zero. However, the de- 
of the 
complications (see Section 5). 

Hence, making the above approximation, sub- 
stituting from (2.2) for |a(k’)|, and using the ex- 
pressions for p and Ex. for a simple conduction 
band with effective mass mc, we obtain the expres- 
sion for the absorption coefficient due to transitions 
l-s states of Ny ionized hydrogen-like 


generacy valence bands may introduce 


to the 
acceptor impurities per unit volume, 
_ 1287e*h? me 
x( w) Ny 
nem?wE; m 


where 


Mc (hw - Eg rt E;) 


My Ey 


For unpolarized light, J9 would have to be re- 
placed by an average over directions of polariza- 
tion. 

Most of the frequency dependence of the ab- 
sorption curve is contained in the function f(x) 
{x1/2/(1+.x)*}. This function is plotted in Fig. 2(a). 
Taking a typical value of (m;-/m,) for the III-V 
compounds of one tenth, x = 1 corresponds to a 
photon energy of 10; above the threshold energy, 
and the maximum of the impurity absorption 
occurs at about 1-4 £; above the threshold. Hence, 
before the maximum is reached the impurity 
absorption will be swamped by the band to band 
transitions. 
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It is of interest to notice that the analogous 
absorption due to transitions of electrons from the 
valence band to empty donor states would result 
in an absorption band narrower by a factor 
(mc/m,)®, and thus would almost look like an 
absorption line for some substances. However, for 
the III-V compounds donor states usually seem 
to be merged with the band and so this absorption 


is not observed. 


4. RECOMBINATION RADIATION 

Provided that we neglect any changes in the 
impurity levels introduced by interaction with the 
lattice after the levels become occupied by carriers 
then the problem of finding the spectrum of the 
radiation emitted due to radiative recombination 
of electrons and holes via acceptor impurity levels 
is closely related to the absorption problem con- 
sidered in the last section, the spectrum being 
obtained from the absorption spectrum by making 
use of the the 
probabilities for absorption and spontaneous and 
induced emission. If S(w)dw is the intensity of radi- 


well-known relations between 


ation emitted in the angular frequency range 

to «+d due to spontaneous radiative transitions 

of holes from the 1-s levels of hydrogen-like 

acceptors to the conduction band, then we find that 
S(w) = Aw? - 


(i a ; 
where A is independent of frequency, x is defined 
by (3.5) and f; is the probability of occupation by 
electrons of a state of energy (Aw — Eg + E7) above 
the bottom of the conduction band. 

If the electrons in the conduction band are in 
equilibrium with the lattice with a quasi-Fermi 
level well below the conduction band, then 
fi is proportional to exp(—y), where 
y = {(hw—Eg+E;)/kT} (where k is Boltzmann’s 
constant and 7 is the absolute temperature), and 
we find, putting in typical numerical values for the 
quantities occurring in (4.1), that the shape of the 
spectrum is approximately given by the function 
2(v) = y'/2 exp(—y). This function is plotted in 
Fig. 2(b) onascale such that, if (me/my) = 7'9(E1/RT), 
then the energy scale is the same as in Fig. 2(a). 
It should be noted that the peak of the recombina- 
tion radiation shown in Fig. 2(b) occurs at a much 
lower energy than that of the absorption shown in 
Fig. 2(a). A difference in position between the 


xil2 


(4.1) 





OPTICAL ABSORPTION AND RECOMBINATION RADIATION IN SEMICONDUCTORS — 79 














Fic. 2(a). Plot of the function f(x) {xl/2/(1 +x)4} against x. 
Here x (me/my){(hwa—Eo+E)/Er+, where me and my, are the 
effective masses of electrons and holes, w is the photon angular 
frequency, Eg is the band gap and £, the impurity ionization 
energy. The function f(x) is approximately proportional to the 
absorption coefficient due to transitions between Nr; hydrogen-like 
acceptor levels and the conduction band, according to the theory 
of Section 3. For GaAs taking me 0-08m, my 0-5m (m being 
the free-electron mass) and E; = 0-04 eV, x 1 corresponds to a 
photon energy of 0-25 eV above the threshold. 












































g(y) yl/2 exp(—y) against y. 


and g(y) is approximately pro- 


Fic. 2(b), Plot of the function 
Here y = {(hw—Eg+E))/kT}, 
portional to the intensity of recombination radiation due to 
transitions between the conduction band and hydrogen-like accep- 
tor levels, according to the theory of Section 4. y 1 corresponds 
to a photon energy of kT above the threshold. 


peaks for absorption and emission is a commonly 
observed phenomenon, and it is perhaps worth- 
while to emphasize that the difference can some- 
times simply be the result of a factor giving the 
probability of occupation of the relevant states, 


more complicated explanations involving shifts of 
levels due to interaction with the lattice (e.g. those 


based on the Franck-Condon principle) being 
unnecessary. 

The actual form of the observed recombination 
radiation coming out of the specimen may be 
modified by induced emission and re-absorption. 
However, if most of the impurity levels are occu- 
pied by holes and the specimens used are small, 
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then calculations with typical numerical values for 
the various quantities involved indicate that both 
induced emission and absorption can be made 
negligible for the range of! photon energies ot 
importance. Re-absorption will of course become 
considerable when photon energies are reached for 
which band-to-band transitions can occur. 
5. SOME COMPLICATIONS 

[he theory given above for isolated hydrogen- 
like levels is very much simplified, and may have 
to be considerably modified in real cases. In par- 
ticular the following points should be noted: 

(i) The most serious alterations to the simple 
theory which have to be made are those due to 
interactions between impurities. It seems that at 
the sort of impurity concentrations normally en- 
and 


countered in semiconductors other th: Ge 


Si the impurities are sufficiently closely-spaced 


for an appreciable number of them to interact with 
The 


available on this subject appears to be that of Lax 


i 


their neighbours most satisfactory theory 


who solve by numerical methods 


ILLIPS 
problem of a random one-dimensional array 
impurities producing 6-function potential wells 
in an otherwise constant potential. The results are 
piven Il the form of the integrated density of 


below 


centrations oj 


energies, for several con- 


The 


a dimensionless parameter, 


states Varlous 


impurities. concentration is 
terms oi 


measur©e d in 


€, which equals the “radius’’ of the impurity wave- 


function divided by the mean distance between 


impurities. For small « most of the levels are con- 
level of isolated im- 


ing out both 


centrated near the energy 

, ’ , 
purities, but there is a long tall spread 
ways. The integrated density of states versus 


energy for « (0-1 is plotted in Fig. 3. It is inter- 
esting to notice that, even al this low concentration, 
the impurity levels have 


about 10 per cent ol 


actually merged with the band 
(11)” 
modified by the impurity potential in such a way 


The conduction-band states will be 


the magnitude of their wave- 


functions near the impurity, the amount of the 


as to decrease 
decrease being greatest for states near the bottom 
of the band. The effect of this modification will be 
to decrease the initial rate of absorption consider- 


ably, while at higher photon energies the curve for 


* 1] should like to thank the referee for bringing my 


attention to the point mentioned here 
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FIG 5 Integrated density of tates against energ' 


according to the theory of LAx and PHILLIPS for the case 
0-1. The 


impurity 


when the dimensionless impurity density « 


results are given in terms of the number of 


states below a given energy, expressed as a percentage 


of the total number of impurities 


taken at the band edge, and the 
10n1Zation 


‘The zero of energy 1s 
unit of energy is the 
energy tr an impurity 

absorption from one impurity will approach that 
given by our theory. The region where the differ- 
ence between the exact and approximate theories 
is appreciable will probably extend over a range of 
several times the ionization energy of a hydrogen- 
like donor level (cf. ELLioTT’s®) work on absorption 
due to excitons, where similar effects on the band- 
to-band absorption are noticeable over a range 
many times than the binding 
energy). Actual calculations of the impurity ab- 


sorption using the correct conduction-band wave- 


greater exciton 


functions would be rather complicated. 

(iii) ‘The hydrogen-like model for impurities 
needs to be modified in many semiconductors be- 
cause their bands are not simple. In Ge, Si and the 
III-V compounds the valence bands are fourfold 
degenerate at k = 0 and have complicated struc- 
tures. The effect of the band structure on shallow 
acceptor impurity levels in Ge and Si has been in- 


vestigated, and the results are given in KOHN’s 
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review article. It appears that the ground state of 


acceptors in Ge is fourfold degenerate, and that a 
good approximation to one of its wave-functions 
consists of a combination of a 1-s hydrogen-like 
function and two other functions, the absolute 
value of the 1-s-like function being greater than 
that of either of the other two at most distances 
from the impurity. It is thought that the type of 
valence-band structure for some of the III-V 
compounds (e.g. InSb, InAs and GaAs) is only 
slightly modified from that of Ge and Si, and so 
we might expect that for these substances the 
structure of the valence band should not drastically 
alter the form of the absorption from that pre- 
dicted in Section 3, although the integral /p will 
have to be replaced by an expression involving the 
wave-functions of all the valence bands. 

(iv) A second modification to the hydrogen-like 
model is required in order to take into account the 
fact that the electric potential due to the impurity 
will differ from (e/«r) at small distances from the 
impurity atom. Experimentally it has been found 
that this “core effect” changes the energy of the 
ground state of an impurity in Ge and Si from the 
value predicted by the effective mass theory, the 
magnitude of the change depending on the particu- 
lar impurity involved. The impurity excited states 
are not appreciably affected. The main alteration 
in the predicted absorption and recombination 
radiation curves brought about by this effect will 
be that, for a given host material, the effective mass 
m, will have to be replaced by a mass which will 
vary from one impurity to another. 

(v) The impurity and conduction-band levels 
will be broadened somewhat because of the finite 
time that a carrier will remain in any one level. 
The main effect of this broadening on the predicted 
absorption and recombination radiation spectra 
would probably be the introduction of a slight 
tail on the long-wavelength end of the curves. 

(vi) At photon energies near the band gap 
energy, transitions involving excited states of im- 
purities, and phonon-assisted band-to-band tran- 
sitions are likely to set in, and so great care will be 
needed in interpreting results in this region. 

6. COMPARISON WITH EXPERIMENT 
(a) Absorption 

Somewhat naively taking the one-dimensional, 

5-function theory of Lax and PHILLIPs over to 


F 


hydrogen-like acceptor levels in three dimensions, 
and also making the assumption that the absorption 
from any given level which has been shifted due to 
interaction with other impurities is the same as that 
given in Section 3, except for a shift in energy, a 
rough plot has been made in Fig. 4 of the expect- 
ed shape of the absorption curve for absorption 


/ 


‘| 


theoretical and experimental 


Fic. 4. 


absorption curves for a sample of p-type GaAs. The 


Comparison of 


experimental curve was obtained on a sample with a 
Hall coefficient of about 10 cm?/C, 
density of roughly 6:10!* cm~? holes. 
curve was obtained by rough numerical integration using 
a combination of the theory of Section 3 and the theory 


corresponding to a 
The theoretical 


of Lax and PHILLIPS of a random distribution of im- 
0-1. Effective masses mce=0:08m 
taken as before. « 0-1 then 
corresponds to 4-10!% cm The 
absolute value and position on the energy scale of the 


purities for the case € 


and m 0-5m were 


about impurities. 


theoretical curve were adjusted to give a fair fit with the 
experimental results 


froma concentration of about 4 x 10! cm~% acceptor 
impurities in GaAs. It was assumed that the 
effective mass of electrons in GaAs is 0-08m and 
that of holes is 0-5m. The most recently reported 
values of the effective mass of electrons in GaAs 
have been given by SpPITZER and WHELAN), who 
deduce me ~ 0:078m from electric susceptibility 
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measurements, and by Moss and WaLTON®) who 


obtain me ~ 0:072m from results on Faraday 


rotation. The density-of-states mass of holes is 
known approximately from thermoelectric power 
nents (EDMOND et al.()). With 0-5m for 


13, the 


measure! 


the hole mass, and a di lectric constant of 


ionization energy of hydrogen-like accepto! levels 


is0-040 eV. 


pome experimental results obtained by 


at this laboratory on absorption in 


cadmium-doped GaAs containing about 6 x 101’ 


m-*- acceptors have also been plotted in Fig. 4 


for comparison with theory. ‘The absolute value 


ind position on the energy sc ile of the theoretical 


ibsorption curve have been adjusted to give the 


best fit that can be obtained. The energy gap de- 


juced from this t1 of curve fitting 1s just over 


1-40 eV, in re onal agret 


under 1-40 eV deduced from absorption results on 


ment with that of just 


yurer n-tvpe material. A slight discrepancy in th 
I | 


raps for the two samples might be expected be- 


the energy of the bottom of the conduction 


¢ a 
ensitive to the concentration of 

sin the material. 

estimate of the absorp- 


obtained 


magnitude 


cross-section per impurity may be 


that the coefficient 1s 


i region of 0-5 eV and is 


absorption 
ZeToO every- 
Os illato1 stre neth 


we then assume al 


bsorption ct secti per impurity 
gives values for the 

ibsorptior efficient 1 fair agreement with 
results. The value 
should be 


/-sum rule , 1t Cal be shown that 
+} 


strengths 


of th valet 


experiment chosen for the 


oscillatos of the right order 


pecause, using the 


the sum of the oscillator To! transitions 


Ce band will 


trom a p eal the top 


be (1 


\ 


mim 
the magnitud average 
s of polarization of the term Io\? 


(3.4) 


parison of the observed absorption with theory. 


occurring in may be obtained from com- 
The value required to give the “best fit”? curve of 


Fig. 4is 4x 1014 cm 


(b) Recombination radiation 

There has not been a great deal of experimental 
work done on recombination radiation in semi- 
conductors for which the theory of the previous 


sections is likely to apply. However, there are some 
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results of GRIMMEIss and KogeLMaAns®) on GaN 
which seem to involve recombination to acceptor 
impurity levels. Recombination radiation was ob- 
served by them on samples of GaN doped with Li, 
Zn and Mg. At low temperatures emission bands 
were noticed on the long-wavelength side of the 
absorption edge, and the dependence of the in- 
tensity of the radiation in these bands on doping 
indicated that impurity levels were involved. At 
higher temperatures the bands near the edge dis- 
appeared, probably because the impurity levels 
were no longer occupied by holes. 

The emission bands observed were rather broad, 
with a width of about 0-4 eV, as opposed to a width 
of the order of kT predicted by the theory of 
Section 4. A possible explanation for the broaden- 
ing might be that the impurities interact to form a 
continuum of energy levels as described in Section 
5, but 0-4 eV seems rather a large spread to obtain 
in this way. As no information is available on 
effective masses in GaN, or on the degree of 
doping in the specimens used, it is perhaps too 
early to try to examine the curves quantitatively. 

Broad recombination bands occur in many sub- 
stances, and have been observed by BRAUNSTEIN®) 
in several of the III-—\ including 
n-type GaAs. It seems rather doubtful whether a 


compounds, 


large spread of impurity levels due to interaction 
of impurities is likely to occur in so many cases, 
but where impurity levels with highly localized 
wave-functions are involved we can perhaps bring 
in the usual Franck—Condon ideas to explain the 


breadth. 


7. CONCLUSION 


The theory given here indicates that transitions 
between acceptor impurity levels and the conduc- 
tion band could explain the experimental results 
on absorption mentioned in the introduction. 
However, as so many complications arise, con- 
vincing quantitative comparison is not practicable 
at the present time. Absorption results up to the 
band edge on fairly pure p-type material on various 
specimens with different degrees of doping would 
seem to be the most hopeful way to test the theory 
and should give some information about the 
impurity wave-functions. 

For recombination radiation the state of affairs 


is very unsatisfactory. No recombination spectra 
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which are as sharply peaked as is predicted in 
Section 4 seem to have been observed. The cause 
of the broadening is still obscure, although the 
interaction of impurities to produce a continuous 
distribution of impurity energy levels could be 
the mechanism involved in some cases. 


Acknowledgements—I am grateful to Professor H. 


FROHLICH, Dr. O. Stmpson and Mr. J. W. ALLEN for 


giving advice on the presentation of this work, to Mr. 
ALLEN for also checking through the theory in detail, 
and to Mr. B. R. HoLeman for information about his 


experimental results. 


REFERENCES 


. Koun W., Solid State Physics 5, 257 (1957). 

. Lax M. and Putuuitps J. C., Phys. Rev. 110, 41 (1958). 
3. E.tuiotT R. J., Phys. Rev. 108, 1384 (1957). 

. Spitzer W. G. and WHELAN J. M., Phys. Rev. 114, 


59 (1959). 


. Moss T. S. and Watton A. K., Proc. Phys. Soc. 


Lond. 74, 131 (1959). 


. EDMOND J. T., Broom R. F. and CuNNELL F. A., 


Physical Society Meeting, Rugby, p. 109 (1957). 


. HOLEMAN B. R., unpublished results. 
. GrRIMMEISS H. G. and Koretmans H., Z. Naturf. 14a, 


264 (1959). 


. BRAUNSTEIN R., Phys. Rev. 99, 1892 (1955) 





Pergamon Press 1960. Vol. 16. pp. 


84-89. Printed in Great Britain 


STABILIZATION OF LATTICES BY SORBED AND 
INCLUDED MOLECULES 


R. M. BARRER 


Physical Chemistry Laboratories, Chemistry Department, Imperial College, S.W.7. 


(Received 3 Februar) 


Abstract—The method of 
chemical potential, enthalpy and entropy of 


volatile constituer 


potential wher , ammonia 


when hydrocarbons are intercalated by 


inert gases can stabilize lattices in which they 


or fluorocarbons are imbibed by porous crystals of 
alkylammonium clays. 
are occluded, but that among volatile ‘ 


1960) 


solution thermodynamics has been developed to give the changes in 
a solid which has adsorbed or included volatile or non- 
The method has been illustrated by determinations of changes in chemical 


faujasite, or 
It is shown that all sorbates including 


‘guest’’ mole- 


cules the stabilization is most substantial in the case of well-established mineralizers such as water. 


Since many minerals (e.g zeolite 5, clays 


scapolites, sodalites, cancrinites) contain included water 


yr salts these materials must play an important role in catalysing the growth of the “‘host’’ lattice. 


This catalysis which is an important part of sol 


INTRODUCTION 


HAS been pointed out earlier > that when 


iter or other molecules are sorbed by or included 


in porous crystals, there is a reduction in the 
chemical potential yx of the solid. This may be an 
important factor in stabilizing the crystal, and per- 
mitting its growth. Simultaneously changes in 
partial molar entropy § and enthalpy Af of the 
crystals occur. Exactly the same role may be played 
by non-volatile NaCl, NaeSOxz, 
NaeCOs, CaSO, and the like which are found in 


such relatively porous crystals as the scapolites 


salts, such as 


and in nosean-sodalite minerals, or in various 


synthetic mineral-type phases. It 1s the purpose of 
the present paper to consider the thermodynamic 
basis of this behaviour, and to illustrate this with 
some measurements of the changes in py, S and H 
crystalline zeolites®. 4,5) and 


for several porous 


montmorillonite derivatives. 
LATTICE STABILIZATION 
It is proposed to treat these ‘‘guest’’ molecule 
“host”’ lattice systems in terms of solution ther- 
modynamics. This method is also applicable to 
adsorption where penetration does not occur, and 


to persorption in irregular micro-pore structures 


lid state chemistry is now shown to rest in part upon a 


such as silica gel. In one mixed mole of guest mole- 
cules, A, and of chosen lattice-forming units, S, 
let the mole fractions be Na and Ns. The solid 
solution is first assumed to be in equilibrium with 
the vapour, or melt, of the guest molecules. Then 
at constant temperature for the mixed mole we 
have from the Gibbs—Duhem relationship 


dp. = VidP (1) 


where V; is the volume of the mixed mole, P 
denotes pressure, and y’,, uw, are respectively the 
chemical potentials of guest molecule and of the 
chosen units of the host lattice in the mixed mole. 
For the vapour or melt of the pure guest molecules 


Te Vo S (2) 


A 
rv A 


where , is the chemical potential of the guest 


molecules in vapour or melt where their mole- 


cular volume is V2. At equilibrium. 
dp’, 
and suitable rearrangement of equation (1) then 
gives 
i re 
] 1d —N RON 
aps : (4) 
(1—Na) 
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However, du, = RT d\n ay where ag is the 
activity of the guest molecules. du‘y may then be 
replaced in equation (4). Two cases arise: 


(1) The guest molecules are volatile 

The pressure P is taken as the vapour pressure. 
In this case, integrating between zero pressure (no 
guest molecules) and the experimental equilibrium 
pressure, pa, and also replacing activity aa by 
vapour pressure: 


Na | (5) 
fi ) ) 
NA nPa \ 


0 


We note further that when pa 

Vy, is the molecular volume of a lattice-forming 

unit of molecular weight MW and x is the weight in 

g of guest molecules of molecular weight m in- 

cluded per g of host lattice equation (5) becomes 
p 


A 
MRT ¢ x 
m J pa 


0 


Aus = tg—by = Vupa- dps (6) 


where ye is the chemical potential of the empty 
host lattice. For crystals which swell as guest 
molecules are included, the first term must be re- 
placed by the first term of equation (5); in both 
cases, however, this first term is negligible for 
normal atm). The 
second term is evaluated graphically from iso- 


pressures (approaching 1 


therm data. 

Equation (6) has been used to evaluate the lower- 
ing in chemical potential of several cation- 
exchanged forms of a synthetic near-faujasite as 
water and ammonia are imbibed. The results are 
shown in Fig. 1, and indicate very substantial 
changes in chemical potential. The reference state 
could not in these sytems be chosen as the empty 
host lattice; instead mol fractions of 0-215 and 0-34 
were selected as reference states for the two curves 
for ammonia, and 0-34 for the curves involving 
water. The chosen lattice forming unit was 1/192 
part of the unit cell, i.e. (Nao.4gAlo.435i0.31)O2 


* For a porous crystal which does not swell or shrink 
when guest molecules are taken up, the partial molal 
volume of the included molecules is zero, and that of the 
lattice units of host crystal is a constant, equal to Vm. 
Accordingly for ms moles of lattice units Vi= Vm + ns and 
for one mixed mole of lattice units and guest molecules 
Vi = Vue Ns. Thus Vu Vi/1—Na. 
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Fic. 1. Stabilization of faujasite lattice by inclusion of 
HeO and NHs3.% 


1/192 part of the unit cell content 


The chosen lattice forming unit is 


Equation (6) shows that any guest molecule, 
even an inert gas, can stabilize the host lattice by 
lowering its chemical potential relative to that of 
the empty lattice. Investigations have been made 
of various inert fluorocarbon 


of the behaviour 


species in this respect, typical curves of — Ays vs. 
amount of fluorocarbon sorbed being shown in 
Fig. 2.6) The free energy decrease is now much 
smaller. From Fig. 1 ammonia would on the other 
hand appear to be as effective a catalyst in this 
special sense as water. However, higher pressures 
would be required, and since ammonia has a 
smaller dielectric constant than water its solvent 
power should be less. 

From the stabilization free energy, wg—pg, the 
corresponding entropy and enthalpy changes of 


the lattice may be derived by the relations 





R. M. 


Fic. 2. Change in chemical potential of Na-faujasite in 


presence of sorbed CF, The lattice 


o be 1/192 of the unit cell, as for 


forming unit 1s 
chosen Fig. i. 
These quantities have been determined for the 


fluorocarbons in faujasite and together with 


(u.—-} Au. for some volatile guest molecules 
in interlamellar inclusion complexes with alkyl 
ammonium montmorillonites. It should be noted 
that the above partial molal quantities for the 
lattice forming units are in fact dependent both 
upon the host lattice and upon the guest molecules 


present, i.e. they are not properties of the lattice 


only. Figs. 3) and 4) show examples of AS and 


AHsg as functions of the amount of fluorocarbon 
included by faujasite. 

The treatment of clathrate solid solutions (e.¢. 
Ref. 2) can be extended to porous crystals. Accord- 
ing to this treatment, a plot of Au/Tgat against 
log(1 


the fractional filling of each cavity, and mgaz the 


?) should be a universal curve.) @ denotes 


Fic. 3. Change in partial molal enthalpy of Na-faujasite 
in presence of sorbed CF4.) Lattice forming unit as in 


Fig. 1. 


BARRER 


Fe 


| 


rbed, cm” at N.T.P/g outgassed Na-faujasite 
Fic. 4. Change in partial molal entropy of Na-faujasite 
in presence of sorbed CF4.(°) Chosen lattice forming 
unit as in Fig. 1. 


number of moles of sorbate required to fill a cavity 
in the porous crystals. mga varies from one sorbate 
to another according to the molecular volume of 
the sorbate and to the temperature. When such a 
plot was constructed for various fluoro-compounds 
all results were close to a single curve for smaller 
of @. 
apparent in the range 0:5 << 6 <1. 


values Varying departures were however 


(2) The guest molecules are non-volatile 
Here the pressure, P, may be constant. Then 
omitting the term in V; we obtain 


aA 
MRT ¢ x 
daa (8) 
m J aa 
0 
In equation (8) aq is the equilibrium activity for 
which the amount of occluded guest molecules 1s 
x. 'To integrate the equation we therefore require 
as before the equilibrium isotherm, which can be 
obtained from the distribution of A between the 
crystals and a solvent composed of molecules too 
large to be included, in which its activity can be 
measured. Experiments of this kind have so far not 
been conducted. 


INCLUSION OF MIXTURES OF GUEST 
MOLECULES 
(1) Mixtures of a volatile and a non-volatile con- 
stituent 
In hydrothermal systems, we may often be 
interested in salts and water included simultane- 
ously into a host crystal. The solid phase can, for 
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example, then be a three component solution; and 
the liquid phase a two component solution. 

For one mixed mole of lattice units, S, with 
guest molecules A and B we have at constant tem- 
perature 


Ni ap’, + N pd, + Nedpg = V,dP (9) 


while for the vapour or liquid solution, for one 
mixed mole 


dat Nd! = VodP ( 
N Ate a N C/o Vodt (10) 
the terms and superscripts corresponding to those 
already given. We are particularly interested in 
aqueous electrolyte as binary solution, and so can 
write for the aqueous vapour phase 
dus, = VidP (11) 
At equilibrium we have for the distribution of 
water 
(12) 


1g on F 
AL's = d's du. 


and for that of salt 


dpi, = du', 


From equations (9), (12) and (13) 


VidP N; Ni, 
= - : 1 du". 
¥. Ne B 


S § bs) 


ILS 


M 


VyudP— xa dph — vB dps, (14) 


MA mR 


where ma, mp are the molecular weights of A and 
Band where x4, xp denote respectively the amounts 
of A and B in g per g of lattice forming units. 
From equations (10) and (12) we may substitute 
for du’ in equation (14), obtaining 


dus = 


an} “abi (vA —XBYVA dps, oi) 


ma 


where ya denotes the number of g of A per g of B 
in the aqueous solution. Then, finally, if pa P: 
dus = RTd\n af = RTd In p4; and V2 = Van,+ 
Vpgny, where V4 and Vz are partial molal volumes 
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of A and B in the aqueous solution: 


Dy 

. : e vBYAV a . xBVE ? 

Heg—pPs = Vu— M( + apa — 

: ‘ | mA mR 
0 


a 


MRT [ ~xpya) 


(16) 


aaa 


mA aa 


0 
For small pressures the first term on the right- 
hand side can as previously be neglected; for 
large pressures, such as can often arise in hydro- 
thermal systems, the first term cannot be neglected, 
and the activity must be retained in the second 
term, or be replaced by fugacity. Fugacity coeffici- 
ents vs. pressures of water vapour are illustrated in 
Since the 


5.7.8) thermodynamic 


| 


Fig. necessary 





| 
! 








Ty 
Curves of fugacity coefficient vs. pressure for 
coefficient 


Fic. 5. 


water.(8 7) (Pressure fugacity fugacity.) 


properties and P-V-—T relations -9-10-1) of water 
are available, equation (16) can be employed 
together with the experimental inclusion isotherms 
for measuring the stabilization of host lattices by 
salts and water included simultaneously. 

We may also employ equation (14) to obtain for 
a non-swelling crystal 


0 4 
Viupa 
2 as ni apn 
MRT xa MRT f xp . 
— dan - aap 
ma J QA MB . aR 
0 0 
sodium 


In this connexion the distribution of 


chloride has been examined, between its 
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aqueous solutions and the interior of hydrated 
crystals of a synthetic near-faujasite 
(NaoO . Alot )e.2-67SiO2.6°6H2O). For the distri- 
bution equilibrium between salt and water inside 
the crystal (subscript ‘‘7’’) and outside (subscript 


| . 
nave: 


L Z(HoO) 


oO ) we 


(NaCl) (NaCl);+ Z(H2O)o 


otes the number of water molecules 


Z det 


displac d pel 


1 
where 
molecule of Nat | intercalated, sO 


| + 
tnat 


(18) 


activi- 


s the con 


onic tram¢ 


(19) 


wher« the subscripts have th ime significance fo! 
activities (a) and activit ( nts ) as for 
concentrations, al I an < vity Cco- 


also 


efficient of included salt. Outside tl rystal 
(20) 


activities of Nat and Cl- and f 

: be 
coefficient of aqueous NaCl. 
at equilibrium for the distribution of water 


dito, and so, dina d\n ao 


mean activity 


Chus 


B, a constant (21) 
Accordingly, substituting for activities in equation 


(18) we obtain 


KaB 


0, where R 


if “ 


BARRER 


The solution for C; as a series gives for the salt in- 
clusion isotherm 


R 


Since R contains the ratio ;f°/f*, it may be con- 
centration dependent; however for small values 


of C 
(24) 


a relation which is satisfied by the data of BARRER 
and Meter) (Fig. 6). These data serve to deter- 
mine R since C; can be calculated from the frame- 


work charge, and accordingly successive terms 1n 


hae a Kae aa ie 


| 
| 
| 


Fic. 6. Relation between concentrations of NaClincluded 
in Na-faujasite and aqueous NaCl at equilibrium. 


equation (23) can be calculated taking R independ- 
ent of C as a first approximation. If the units of C; 
are chosen as g of NaCl per g of host lattice then 
C 


i 


vp. Thus equation (16) becomes 


H20O 


— MRT 
—pg = Vupa— | 
mA 


v 4d In ayo — 
0 


a 
2MRT f_. 
_ _ Cid In a, 
mB 
0 
with C; given by equation (23). 


(2) Mixtures of volatile guest molecules 
For any number of volatile guest molecules, 
A, B, C, ... the counterpart of equation (17) for 
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a non-swelling crystal is 


us—po = Vu(patpatpect ».)— 
mi ad 3) 
MRT A MRT XB 


—_ da, — —= ton 
ma J GA mR J AB 
0 0 


( 
MRT [xc 
a — dac a 
mo J a¢ 
0 


(26) 


where pa, Pp, Pc, and aa, ap, ac, are the 
partial pressures and activities respectively of 
A, B, C, ... in the volatile mixture in equilibrium 
with these guest molecules included in the crystals. 


As usual for small pressures pa, pp, pe, ... the 
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mole fraction of sorbent 


Variation in activity ratio of sorbent at 80°C, 
from (us—ps) RT 
fraction of (CH3)4N-montmorillonite 
0-773 in reference state. 
Mol. fractions of benzene in the original liquid mixtures: 
0:50 \ 0°67 


Pic. 7. 
0 

In as/as. 

sorbent 


Mol. 


©) 0°30 x 


The unit cell is the chosen lattice forming unit.(® 
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first term on the right-hand side of equation (26) 
can be neglected for both swelling and non- 
swelling crystals. An investigation has been made 
of the effects of binary mixtures of volatile guest 
molecules upon the chemical potential of alkyl- 
ion-exchanged montmorillonites, a 
Even for 


ammonium 
few results being shown in Fig. 7. 
relatively inert species such as benzene and hep- 
tane there is considerable stabilization of the filled 
as compared with the partly empty host lattice. 


CONCLUSION 

Taking the results of these last sections as a whole 
one sees that there is good scope for studying in- 
clusion in crystals from the thermodynamic view- 
point, and so for determining quantitatively the 
changes in the thermodynamic stability of porous 
crystals due to the presence of volatile or non- 
water or salts, or 


volatile mineralizers such as 


various organic and inorganic molecules. This 


must be regarded as a part of the quantitative study 
of mineral reactions in general as well as of hydro- 


thermal chemistry. 
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Abstract’ last stants of several dilute alloys 
K to 300°K by the pulse ultrasonic method. The three measured 
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INTRODUCTION 
measurements ol resistivity, magneto- 


al d 


EXTENSIVI 
esistance, magnetic susceptibility specific 
heat carried out on dilute alloys of manganese in 
coppe! light rather 
anomali 
4-2°K the 
in its temperature dependence 

have | 


magnetoresistance 


1 


ha startling 
Neat 


n anomalous minimum 
In this 


ve brought to 


pecially it low temperatures 


resistivity shows a 
region 


veral of the dilute alloys veen found to 


exhibit a negative -) and also 
the magnetic susceptibility indicates the presence 
of a transformation to a ferromagnetic or antiferro- 
The 
t(6, 7) appears to have 


the 


magnetic state at low temperatures. : 1, 5) 
low temperature specific hea 


nomalous contribution in liquid 


ang 

‘he interpretation given these effects is based 
upon the assumption that a manganese ion in the 
copper lattice retains part of its intrinsic magnetic 
moment. At low temperatures and in sufficiently 
dilute alloys these moments tend to align thereby 
changing the of the 


ments of the specific heat at low temperatures are 


entropy system. Measure- 
effected by this entropy change and a quantitative 
analysis could lead to an estimate of the spin of 
the Mn ion if the lattice and electronic specific 
heats of the alloys were known. The lattice specific 


Lal 


similar to those of pure copper. They al 


elastic constants was 


n the lattice specific heat within the ‘ 


copper! lattice is 
ion is s = 4/2, 


with parallel aligned spins 
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oratory, Dearborn, Michigan, I 


1959) 


of manganese in copper have been measured 


] 


1 exhibited a linear 


aunese concentration. The variation of the Debye temperature which 


found to be about —0-6°K/at. per 


73”? 


temperature region of 


n. The composition dependence of the shear moduli indicates that 


3e. Since it has been found from magnetic and 


it is concluded that there are four 3d 


heat can be calculated if the low temperature elastic 
constants are known. 

The isothermal dependence of the shear elastic 
constants upon manganese concentration can be 
used to indicate the charge of the Mn ion in the 
copper lattice. This ionic charge is not found 
directly from either specific heat data or magnetic 
measurements but is very important to the specifi- 
cation of the structure of the Mn ion in Cu. Fur- 
thermore since so many anomalies have been found 
in the dilute alloys of this system it would be well 
to check the elastic constants for abnormal be- 
havior, especially at low temperatures. For these 
reasons it was felt worthwhile to measure the 
elastic constants of several dilute manganese alloys 
at 4-2°K and as a function of temperature up to 
300°K. Such measurements also could give some 
information about the effects of alloying upon the 
temperature dependence of the elastic constants. 


This type of information has heretofore not been 


repr yrted. 


EXPERIMENTAL PROCEDURE 
The copper—manganese alloys were prepared by 
melting pure copper (American Smelting and Re- 
fining Co., 99-999 per cent Cu) and electrolytic 
manganese together in a carbon crucible which was 
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heated by induction under an argon atmosphere. 
A similar crucible was also used to grow the single 
crystal specimens. Since carbon and manganese 
are rather reactive the manganese was inserted 
into axial holes drilled in the copper ingots prior 
to melting. In this way the manganese tended to 
go into solution before coming into contact with the 
hot carbon walls. Because of this chemical affinity 
there arises the question of the contamination of 
the alloy with carbon. However, careful chemical 
analysis showed that the carbon content in the 
single crystal specimens was below the limit of 
detectability of the techniques used (0-005 per 
cent C). 

The procedures for growing the single crystals 
and the preparation of the oriented specimens for 
the ultrasonic measurements have been described 
elsewhere.) The composition was determined by 
chemical analysis of thin disks cut from the ingot 
on either side of the specimen. In this way it was 
found that the crystals upon which measurements 
were made were homogeneous to within +0-1 per 
cent Mn. 

The elastic constants were determined by the 
pulse-echo ultrasonic method in which the 
velocity of a 10Mc sound wave was determined 
using a type of apparatus described elsewhere.) 
Since the specimens were prepared so that the 
sound waves travelled down a [110] direction it 
was possible to measure three different velocities 
and calculate directly the three moduli Cy 
(Cy +Cj2+2C 44), C = Cy, and C’ = 4(Ci- C12) 
In calculating these moduli it is necessary to know 
the density p and length / as a function of tempera- 
ture. The density at room temperature was calcu- 
lated from the lattice parameter vs. composition 
data." The temperature dependence of the 
factor pl?, which is needed to convert the measured 
sound wave transit times to elastic moduli, is that 
of /-1, which can be determined directly from 
thermal expansion data. Unfortunately such data 
are not available for dilute copper-manganese 
alloys, but the expansivity of pure copper has been 
measured, (11,12) From these measurements it is 
found that the total thermal expansion correction 
to the moduli amounts to only 0-34 per cent at 
4-2°K. Since the expansivity is not expected to be 
a very sensitive function of dilute alloy additions 
it was decided that the data for pure copper should 
be used to correct all the alloy measurements. 


Such a procedure would introduce errors less than 
those arising from other sources. 

The total error in the values of the moduli aris- 
ing from uncertainties in composition, crystallo- 
graphic orientation, length, transit time and 
temperature are estimated to be at most 0-5 per 
cent. This determines the absolute error in the 
moduli reported here. However the relative error 
between specimens differing only in composition 
is probably less than this, particularly if correc- 
tions are made for crystallographic orientation 
For (110) oriented samples these 
per cent per 


differences. 
orientation corrections exceed 0:1 
degree of misalignment only for the C’ mode. The 
crystals used in the present experiments were all 
oriented to better than 1° except for the 5 per cent 
Mn specimen. In this case a correction to C’ only 
was found necessary and has been applied. 

The technique of obtaining temperatures in the 
region from 77°K to 300°K has already been re- 
ported.) For temperatures below 77°K a tech- 
nique was used which enabled the measurements 
to be carried out in the liquid helium storage 
vessel. A schematic representation of the specimen 


holder designed to be lowered through the 35 mm 

















oP 


Fic. 1. Sample holder used for measurements in the 
range 4-2K-—77°K. 
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diameter entry tube of a Standard Air Co. liquid 


He storage Dewar is shown in Fig. 1. The specimen 
(A) rests upon the top of a 35 ml gas thermometer 
bulb (B) which is connected by a narrow inconel 
tube (C) to a Wallace and ‘Ternin pressure gage. 
A copper resistance thermometer (D) consisting 
of No. 43 formvar covered copper wire wound on a 


copper rod was soldered to the top of the gas bulb 


(B). The conversion of resistance to temperature 
was carried out by the method of DAUPHINEE and 
PrestoN-THomaSs*). The quartz transducer (E) 
was cemented to the specimen by either glycerin 
or Fisher 


trode, a brass disk, was held against the quartz by 


s ‘““Nonaq”’ grease. The ultrasonic elec- 


a coiled spring (F) in order that contact was main- 
tained at all temperatures. A manganin heater wire 
(G) was wound on the outside of the gas bulb (B) 
so that the temperature could be controlled. In 
order to minimize thermal gradients, the entire 
holder was encased in a heavy copper shield (H) 
which was bolted to the bottom of the bulb. The 
inclusion of a gas thermometer was necessitated 
by the insensitivity of the copper resistance ther- 
mometer below 30°K. The two simultaneously 
measured temperatures agreed to within 1°K 
below 60°K. 

[he operating procedure was first to immerse 
the entire holder into liquid nitrogen in order to 
precool it and to obtain an upper calibration point 
for the two thermometers. The holder was then 


lowered into the helium bath inside the storage 


vessel to get the lower calibration point for the two 


thermometers and the 4:2°K measurement of the 


intermediate temperature 


modulus To obtain 
points the holder was pulled out of the bath into 
the entry tube where higher temperatures were 
maintained by passing current through the man- 
ganin heater. Helium evaporating from the liquid 


1 1 
coois the 


outer shield and a steady state can be 


maintained. 
RESULTS 
The elastic moduli eA C and ( 


mined as functions of temperature 


were deter- 
in the manner 
described above for several single crystals of dilute 
copper—manganese alloys. These results are shown 
in Figs. 2, 3, 4 respectively. In Table 1, the values 
of the elastic constants are given for several tem- 
peratures, ‘he measured moduli Cz, C and C’ 
are listed along with the computed values of the 


. 2. Temperature dependence of the elastic moduli 
$(Ci1 +Ci2+2Ca14) of Cu-Mn alloys. The curve marked 
pure Cu is the result of OVERTON and GAFFNEY for pure 
Cu."*) The points labelled OFHC (A) are measurements 
taken on a single crystal of “oxygen free high con- 


ductivity’’ « opper 


Fic. 3. Temperature dependence of the elastic moduli 

C44 for Cu-Mn alloys. The curve marked pure Cu is the 

result of OvERTON and GAFFNEY for pure copper.‘14) 

The points labeled OFHC (A) are measurements taken 

on a single crystal of “‘oxygen free high conductivity’’ 
copper. 
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Table 1. 


The elastic constants of dilute alloys of manganese in copper at various temperatures, 


all in units of 1011 dyne cm~?.* 


Temperature 


(°K) 


Pure Copper 


‘O09 
‘889 
-900 


8-078 
8-012 
7:466 


22-812 
694 


8-O88 
8-013 
7-461 


8-054 
7973 


7-432 


8-054 
7:974 


7-432 


bt do bh 
mh bd 


* 'The first three columns are values determine: 
does not indicate the accuracy of the absolute \ 
c 4(Ci1—Ciz) and Bs 4(Ci1 +2Ci2). 


bulk modulus By = 4(Ciy.+2Cig), Cu and Cp. ‘The 
number of significant figures is greater than is 
warranted on an absolute basis, but one extra figure 
has been retained in order to improve internal con- 
sistency. The temperature dependence of the three 
measured moduli conforms to the expected be- 
havior, which is a linear increase with decreasing 
temperature followed by a gradual approach to a 
constant value as the temperature goes to absolute 
zero. In these three Figs. the curves marked pure 
Cu were taken from the work of OveRTON and 
GarFrney(l4), Also included for comparison are 
measurements taken at several temperatures on a 
single crystal grown from OFHC (oxygen-free 


1 experimentally. The number of significant 


alue 


14-665 
14-628 
13-768 


14-310 
14-264 
13-856 


14-127 
14-079 


13-630 


974 


266 


Mn 


higures 


(see text). Cz Cy +C; 14 C € 


high-conductivity) copper (99-98 per cent Cu). It 
is noteworthy that the values of two moduli Cz, 
and C measured on the OFHC single crystal 
deviate from those given by OVERTON and GAFFNEY 
by about 0-3 per cent and 0-4 per cent respectively. 
This discrepancy is of the order of the absolute 
error inherent in the measurements reported here 
and therefore the agreement for these two moduli 
can be considered satisfactory. However Fig. 4 
shows that the discrepancy between the OFHC 
value for C’ and that given by OvERTON and GarFF- 
NEY while small at high temperatures (0-3 per cent) 
increases with falling temperature and reaches 


2 


about 1-3 per cent in the liquid helium range. ‘The 
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Temperature dependence of the elastic moduli 


of Cu-M:1 


ot OVERTO>? 


alloys. ‘The curve marked pure 


result and GAFFNEY for pure cop- 
The points labeled OFHC(A) are measurements 


i high 


sing] crySsta ) oxygen free con- 


copper 


absolute error in the values of C’ reported here is 
about 0-5 per cent. OVERTON and GAFFNEY did not 
measure C” directly, but calculated it from sound 
velocity measurements in other directions. Because 
of propagation of errors their estimate of their 
probable error in C’ was 1-8 per cent. Since in the 
present work C’ was determined directly it is con- 
sidered more reliable and was used for comparison 
with the alloy measurements. 

The Figs. 2, 3 and 4 show that the temperature 
dependence of the elastic moduli of the alloys is 
similar to that measured for OFHC copper. That 
is, the decrease with composition, observed at 
room temperature, in any one of the elastic moduli 
is very nearly maintained throughout the entire 
temperature range, 4-2°K to 300°K. This con- 
clusion can be tested quantitatively by consider- 
ing the ratio [M(4-2°K) —M(300°K)]/M(300°K) = 
AM/M, where M is any one of the three measured 
moduli. Table 2 presents this ratio for the OFHC 
specimen and the alloys measured. It can be seen 
that there is only a slight trend toward increasing 
temperature dependence as manganese is added 
to copper. However the changes in the ratio with 
composition are of the same size as the errors in- 
volved in measuring it, hence more accurate 


Table 2. Percentage change in elastic moduli between 
4-2 and 300°K as a function of compostion. 


100AC, 100AC 100 AC’ 


C’(300°K) 


Compo- 


C(300°K) 


sition C1z(300°K) 
10°8 
10-6 
10-9 
11-1 
11-3 
11-4 
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20 


measurements must be made if the effect of alloy- 
ing on the temperature derivatives of the moduli 
are to be studied. A more important conclusion 1s 
that it is unlikely that there are temperature de- 
pendent contributions to the moduli which arise 
from the presence of manganese in copper. Other 
physical properties (electrical resistivity, magnetic 
susceptibility and specific heat) show anomalous 
temperature variations at low temperatures, while 
the moduli seem to be unaffected. 

The magnetic properties indicate that there is a 
transition to anti-ferromagnetism at low tempera- 
ture. Striking changes have been observed in the 
Young’s modulus of Cu—Mn alloys in this region) 
which have been ascribed to domain wall motion. 
Since these Young’s modulus measurements were 
carried out in the ke frequency range and the 
measurements reported here involved frequencies 
of the order of 10 Mc, it is entirely possible that the 
latter frequencies are much too high to be in- 
fluenced by domain wall motion. However, close 
examination of the data shows that there is a slight 
rise in the C’ modulus of the alloys containing 5-0 
and 5-8 at per cent Mn at about 20°K which 
amounts to about ()-2 per cent. Since the error in- 
volved in determining the variation of the elastic 
moduli with temperature is at best about 0.1 per 
cent, this change is very near the limit of error of 
measurement. For this reason it cannot be firmly 
stated that an anomaly exists at these temperatures 
and frequencies. 

Fig. 5 shows the concentration dependence of 
the moduli of these dilute alloys measured at 
273°K. This temperature was chosen because of 
the experimental convenience of the ice point. 
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* 


N 
Fic. 5. Concentration dependence of the three measured 
moduli Cz, C and C’ measured at the ice point, 273°K 


Plots at lower temperatures are similar, as dis- 
cussed above. It is seen that the decrease of the 
three moduli is very closely linear with manganese 
composition over the range of concentrations in- 
vestigated. The scatter of the data for the modulus 
C appears rather large; however, it is to be noticed 
that the total decrease is only slightly greater than 
the error of measurement. 


DISCUSSION 
Calorimetric measurements of the specific heat 
of dilute alloys of manganese in copper have re- 
vealed a large broad anomaly in the liquid helium 
range.,7) In order to determine the excess 


specific heat associated with this anomaly it is 
necessary to subtract the lattice and conduction 
electron contribution to the measured specific 
heat. The lattice specific heat depends parametric- 
ally upon the Debye temperature 8, which can be 
calculated from the 4:2°K values of the elastic 
constants.(16) This parameter 0) was found by 


appropriately averaging the sound velocities over 
all directions in the cubic material. The actual 
evaluation was carried out with the aid of an 
I.B.M. 650 computer. The resulting values of 4 
for the dilute alloys are plotted in Fig. 6. It is to be 


noted that the change in the Debye temperature 
with concentration is about —0-6°K/at. per cent 
Mn, which means a change in the lattice specific 
heat within the “7°” temperature region of about 
+0-5 per cent/at. per cent Mn. The recent work of 
RayNE“@”) has shown that there is a clear dis- 
crepancy between the values of Debye temperature 
of copper-zine alloys derived by specific heat 
measurements and those calculated from low 
temperature elastic constants. These differences 
are most pronounced for the alloys of higher con- 
centrations; however for alloys containing up to 
5 at. per cent zinc the differences are about the 
same size as the experimental error. ‘Therefore it is 
concluded that for these copper-manganese alloys 
the changes in the lattice specific heat due to alloy- 
ing are negligible compared with the specific heat 
anomaly itself and thereby may be ignored in the 
analysis of specific heat data. 

The model on which this specific heat data has 
been interpreted is based on the expectation that 
the manganese ions in copper will have a magnetic 
moment. At absolute zero the lowest energy state 
of a dilute alloy would correspond to a long-range 
ordering of these moments throughout the sample. 
As the temperature is raised thermal excitations 
act to destroy this order so that at some higher 
temperature the system may be considered com- 
pletely disordered for all practical purposes. In 
going from complete alignment to total disorder 


ve A+ 


Fic. 6. The concentration dependence of the Debye 
temperature 90 calculated from the 4:2°K values of the 


elastic constants. 
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the entropy change is AS = Nk In (2s+1) where 
N is the number of magnetic moments, & is Boltz- 
mann’s constant and s is the spin associated with 


each magnetic moment.(8) ZmMERMAN‘ has 


measured this excess entropy for several dilute 
alloys and found that the specific heat anomaly 
above and 


extends to temperatures somewhat 


below his range of measurement. A preliminary 


? 


analysis indicates that a spin of 4/2 or 5/2 is consis- 


tent with these measurements. 


One would of course expect that if the model 


described above is reasonable the copper man- 


ganest show behavior. 


Indeed, th 
has been extensivels 


paramagnetic 
behavior of such dilute alloys 
investigated. 45 9) SCHMITT 
concluded from their work as well as 
Vin ion in the 
nent with the 
ild be obtained 
either four 3d 


a | 
1a 


two con- 
he number of electrons each 
free electron gas. Thus if the 
Cu could be found the spin 
3d shell could be inferred. An 
importa! ntribution to 1 concentration de- 
pel dence of the ela: constants ol alloys is an 


electronic term which depends on the effective 


solute. ‘Thus some information about 
the valence of Mn 
the lopes of the lines in Fig 5 

Fucus 9 has concluded from his 


analysis that the resistance to shear arises mainly 


valence of thx 
] 
I 


in Cu might be obtained from 


theoretical 


from two sources. ‘That is 


( Crt+C;, C Crt+C 7 


where Cg and C’ zy are commonly referred to as the 

electrostatic or long range contributions. ‘They are 

the resistances offered to the shears along (001) and 

(110) respectively by a lattice of point positive 

charges imbedded in a uniform sea of negative 

charge. Fucus obtained the analytical expressions 
2 7 2 


Cr = 0-9479 (— and C’r = 0-1058 (— ), 


7% 
u 


where e is the electronic charge on each ion and a 
is the lattice parameter. C; and C’; arise from what 
are commonly referred to as the ionic or short 
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range contributions. These resistances to shear 
have their origin in the exchange repulsion which 
occurs when the 3d shells of neighboring ions in- 
teract. Fucus calculated these contributions by a 
Thomas—Fermi statistical method. 
SmITH and coworkers 9,2) have based their 
interpretation of the results of elastic constant 
measurements on dilute alloys of the noble metals 
upon this model developed by Fucus. ‘They em- 
ployed the above expressions to calculate the 
electrostatic contribution, but did the 
ionic contributions calculated by Fucus since the 


not use 

manner of calculation was not particularly reliable. 

The ionic contributions were instead defined by 
C; C (measured)— Cx 


(1) 
C’; = C (measured) —C" gz 
When copper is alloyed with a polyvalent metal the 


new electrostatic contributions may be written 


(Cz) alloy CrZ- (C'r) alloy C"rZ* =((2) 


where Z is the electron to atom ratio. It is reason- 
able to consider that Z = 1+(n—1)X where n is 
the valence and X the concentration of the solute. 
For the range of conce ntrations employed here the 
dependence of both Z and Z? can be considered as 
only linear with concentration. The ionic contri- 
butions are altered simply because, in general, the 
solute ion core is different from the copper ion core. 
If it is assumed that the ionic contributions to the 
shear constants depend linearly upon concentration 
through a parameter « then the total change in the 


shear constants may be described by 
AC 
C 


A reasonable physical significance for the para- 
meter « has been discussed by SMITH and Burns®®). 

If AC and AC” are observed to change linearly 
with composition then we may write 


oC 
¢ lax), 
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In order to apply these equations to find Z and « 
it is necessary to know the dependence of the con- 
stants upon concentration at constant volume. 
The dependence shown in Fig. 5 is that at constant 
pressure. From M = M[T, V(T, P, X), X] where 
M is either C or C’, T the temperature, V the 
volume and P the pressure, it follows that 


(5) 


The second factor on the right is determined from 
lattice parameter measurements. The first factor 
has been estimated theoretically?) to be 


15-7 


(6) 


but recently the pressure derivatives of pure 


copper have been measured*) which permit the 


experimental determination of these factors.@#) 


Experimentally 


9-9, 


These latter values were used to determine Z and 
y. from equation (1) and the data of Fig. 5 since 
they are certainly more reliable than those calcu- 
lated by the quasi-theoretical procedure. 

The results obtained using this analysis are given 
in Table 3, where also the results of measurements 
upon Cu-Ni®) Cu-Zn,?@4) Cu-Ga and _ othe 
copper-based systems) are given for comparison. 
It is interesting to note that the effective valence 
determined from this semi-theoretical treatment 
of the elastic constant data is quite close to that 
which would be expected for Ni, Zn and Ga. This 
gives one confidence in assigning a valence of 3 
for Mn in copper. It can be concluded then that 
of the seven outermost electrons of the manganese 
atom, 3d° 452. the two 4s electrons and one of the 
3d electrons are detached from the atom leaving 
four 3d electrons on the ion core. This picture is 
consistent with the results of specific heat and 


susceptibility experiments described above since 


G 
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Table 3. Empirical values of Z, the solute valence n 
and « from solutions of equation (4) for various 


alloys of copper. 


Solute 
Mn 
Ni 


1+1- 
1+4- 
1+2: 
1+2°5 


* The values given in this reference differ from those 
listed above. The author is indebted to Professor C. S 
values 


given 


SMITH for the Table of more up-to-date 


above 


it leads to a spin of 4/2 for the ion. The picture of 
a Mn ion with a 3d® configuration is accordingly 
ruled out. 

There are theoretical reasons for doubting that 
all three electrons are completely removed from the 
Mn atom and the band. 
FRIEDEL®*) has investigated theoretically the state 


placed in valence 
of such ions in a copper-like lattice and concluded 
that actually only one electron is detached from the 
solute atom and that the other valence electrons are 
localized in bound states in the immediate region 
of the solute ion. Crudely speaking the picture 
might be described in the following manner. Let 
us first imagine that a solute atom of valence 7 is 
introduced into the lattice and that the 7 electrons 
become free 
Accordingly 
j 


11S- 


from the solute and 
the 


(n—1) electrons are added to the top of the Fermi « 


are detached 
electrons in conduction band. 
tribution, thus raising the Fermi surface. However, 
let us then imagine that the charge, +7, of the ion 
is turned on. Then, according to FRIEDEL, the 
energy states of the conduction band are perturbed 
and, in particular, the lowest (m—1) energy states 
of the Fermi distribution are depressed and local- 
ized in a region about the solute ion. Thus, the 
effect of alloying is to raise the Fermi level while 
at the same time keeping the number of free 
electrons roughly constant. From this point of view 
Z should equal one in all cases, and there would 
be no change in the electrostatic contribution to 


the elastic constants with alloying. However 


RAYNE?) has conjectured that because the Fermi 
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surface is raised there is still an electronic contri- 


bution to the shear constants which arises from an 


overlapping of the Brillioun zone boundaries by 


the Fermi surface. He used the model proposed by 
contribution 


Jones®® to estimate this electronic 


to the constants C and C’ and found that there 


At 


should be measurable contribution to C, but 
only a negligible contribution to ( 
The picture prest nted above can be utilized in 


forming another possible model for the analysis 


of the shear constants. For this it is first assumed 


that the observed change in C” is due entirely to 


changes in the 1onic contribution. That 1s, 


[hus one can determine a value for «. 

three contributions to the modulus C, 1.e. C = Cr 
+C,;+Crp, where Ge is the contribution due to 
the Fermi surface overlapping the Brillouin zone 
boundary. Accordi1 gto the above assumptions we 


may write 


electron to atom 


where q l+(n 1)X the 
ratio and nm is the valence of the solute. Since the 
discussion is limited to the range of dilute alloys 
that (CCr /Cq)a,7 is independent 


assume 


we may 


of concentration, and write it in the form 


(9) 


Cy(0) is the Fermi contribution in pure 
1). RayNe®?) has presented a method 
for calculating both CU} and (¢ CU} Y)a,T: If we 


such calculation (equation (18), Ref. 


2:76 Cp(0). 


(10) 


If it is assumed that n 2 for zinc in copper then 


one finds Cp(0)C 0-184. With these con- 


stants one may determine values of m for other 
copper based alloys. The results are presented in 
Table 4. Since this semi-theoretical procedure 


Table 4. Empirical values of x and the solute valence 
n from solutions of equation (7) and equation (10) for 
various alloys of ¢ opper. 


Solute 


Mn 
Ni 
Zn 
Ga 
(se 
\] 


$1 


gives reasonable values for the valence of other 
solutes in copper it is concluded that the valence 


of manganese is approximately 3. Based on this 


approximate model, the picture of the Mn atom in 


the copper lattice would be that one of the 4s 
electrons is detached from the atom giving it a 
charge +e, the other 4s electron and one 3d electron 
are put into bound states say in the region of the 
bottom of the Fermi distribution and four electrons 
are left in the 3d shell giving the observed spin of 
4/2. 

Although both models yield the same conclusion 
concerning the value of m, there are discrepancies 
to be expected in this oversimplified picture. The 
assignment 7 3 for manganese in copper does 
not fit well with what is expected from the be- 
havior of other polyvalent metals dissolved in Cu. 
In accordance with the Hume-Rothery rules, both 
Zn and Ga in copper bring about phase changes 
when the electron atom ratio reaches ~ 3/2. How- 
ever, a glance at the phase diagram of Cu-Mn®? 
reveals no such phase boundary. In fact copper 
and y manganese (face-centered cubic phase) are 
completely miscible throughout the entire compo- 
sition range. It is, however, possible to assume that 
ion and the Mn?" 


ion probably should be taken into account in the 


the differences between the Cu 


treatment of the problem of alloy phase stability 
in this system. This implies the further assumption 
that the differences between the Cu* ion and the 


Zn** and Ga** ions are probably somewhat less and 
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may contribute only slightly to the phase stability 


for these two systems. 


SUMMARY 

No anomalous contributions to the elastic con- 
stants greater than the error of measurement were 
observed in the dilute alloys of manganese in 
copper even at low temperatures. The temperature 
dependence of the elastic constants is quite similar 
to that found for pure copper. A calculation of the 
low temperature lattice specific heat using the 
measured low temperature elastic constants indi- 
cated that the lattice contribution to the observed 


specific heat anomalies is negligible. Previously 


published magnetic measurements have established 
that the spin of the manganese ion in the copper 
lattice is 4/2. In order to be consistent with this, 
the valence of manganese must be either +1 or 
+3. Analysis of the composition dependence of the 
elastic constants using either the model of SMITH 
and coworkers or the model of RAYNE both in- 
dicate that the charge of the manganese ion core 
is much closer to +3 than to +1. Thus it is con- 
cluded that of the seven electrons composing the 
outer shells of the manganese atom (3d° 4s?) three 
of these are removed to form localized states or to 
become free electrons and four remain at the ion 


core with parallel aligned spins. 
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Abstract 
V4 , of Zinc ble nde are conside rea 


literature are corrected. 


1. ELECTRO-OPTIC CONSTANT 
SCHRAMM") first determined the electro-optic con- 
stant of zincblende ’41;* e.g. for the wave-length 
589 mu he found 
8 cm statV—1, 


34x 10 


PovuLeT®) pointed out that the values given by 
SCHRAMM were too high by the factor 27 which 
was erroneously introduced in the equation for the 
the POULET 


SCHRAMM’s values to the following: 


phase of two beams. corrected 


4-8x 10-8 cm statV~! at A 35 mp 
5-4 10-8 cm statV—! at A 
6:2 10-8 cm statV~! at A 


3 
5 


89 mp 
2 


730 mp 
Later Kara et al.) also measured the electro- 
optic constant, 741, of zincblende and found 


ry) = 6-4x 10-8 cm statV—! atA = 546 mu. 


Recently NamBa®) determined the electro-optic 


constant for zincblende as function of the wave- 


length: 


3-4 x 10-8 cm statV~l at A 
10-8 cm statV-l ata 
10-8 cm statV~—! at A 

83cm statV-l ata 
83cm statV-l ata 
83cm statV~! at A 


404 mu 
436 mp 
504 mu 
546 mp 
589 mp 
6:2 x 10 644 mp 


* "The used here: piezo-optic 


constants I 


following notation is 
, elasto-opt electro-optic 


related to the electric field F1 


constants PAu, 
constants 7am, 


+ Notation used by SCHRAMM" 


1959) 


The piezo-optic constant, II 44, the elasto-optic constant, p44, and the electro-optic constant, 
1. The values for the piezo-optic constants [44 and p44 given in the 


The values by SCHRAMM (corrected), by Kara et 
al, and by NAMBA are in very good agreement. 


2. PIEZO-OPTIC CONSTANTS 


SCHRAMM") also determined the piezo-optic 
constants of zincblende I14q4and p44 but did not have 
available the values for the elastic constants c44 or 
s44 for this crystal. However, from his measure- 


ments, it follows for the piezo-optic constant 


ag4as44/c?+ = I4q4= —19-8 x 10-18 cm2 dyn-!. 


This value according to POULET is again too high 
5 5 


by the factor 27 and should be 


—3-16 x 10-18 cm? dyn, 


IT 44 


From this value for the elasto-optic constant, we 
obtain 

pa 44. C44 —(): 137 
where s44 = 22:9 10-8 cm? dyn! and c44 = 
43-67 x 1019 dyn cm~? (See Ref. 5). 

In his paper PouLer®) corrected SCHRAMM’s 
value by using Capy’s®) erroneous value s44 = 
22:9 10-12 cm? dyn-! and found p44 = —0-014. 
Capy later corrected this value for zincblende to 
22-9 x 10-18 cm? dyn~!. Using this value, we 


SAA 
$44 


obtain according to SCHRAMM() 


p44 — (0-137. 


Kara eft al. determined pa 
erroneous value for s44. This value should be 


using Capy’s 


pas = —0.044. 
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The erroneous values II44 = 19-8 x 10-13 cm?2 dyn7! 4. NamBa S., Appl. Phys. #7 28, 432 (1959) (In 

and p44 = 0-84 (without signs) due to ScHRAMM”) 5 a Japanese). : a pene 
: ah . 5. Voict W., Nachr. Ges. Wiss, Géttingen. p. 424 

are also reported by West and Maxas‘), (1918) 
. Capy W. G., Piezoelectricity, McGraw-Hill, New 
York (1946). 
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Abstract 
(sa "| 


Alloys have been produced for the three systems Ga Tes ZnTe, GaoTe 


HgTe and annealed to obtain equilibrium conditions 


and 


CdTe 


The ranges of solid solution, the 


ariation of lattice parameter with composition and the ranges and types of ordering which occur 


have been investigated For the system GazTe 


] 


omposition has been determined by 


1. INTRODUCTION 
IN A RECENT paper) the effects of solid solution of 
InoTes with AUBY! tellurides, viz. Zn Te, CdTe 
and HgTe have been discussed. Since GaoT es has 
the same type of defect zincblende structure as 
InoTeg similar solid solution may be expected be- 
tween this compound and the A!BV! tellurides. 
Practically no systematic investigation of these 
solid solutions has been carried out previously. 
HaHN ef al.@) investigated the crystallographic 
properties of alloys of compositions GagZn'Teq and 
GasCdTe, showing both alloys to possess the 
ordered chalcopyrite structure with c/a ratios of 
2-00 and 1-94 respectively, and mentioning in dis- 
cussion the compound GagHgT eg. ‘They also indi- 
cated that some solid solution occurs in the S) stem 
Gag | €3 ZnTe but data. 
GorRYUNOVA et al.) measured the optical energy 
gap for three specimens of compositions Gag T'eg 
ZnTe, GasTes-3ZnTe and GasTes -9Zn'Te, but 
le no mention of solid solution. 


the 


gave no quantitative 


the work described here variation of 


parameter as a function of composition has 
determined for the three systems Gao Tes 
ZnTe CdTe and HeTe 
hence the ranges of solid solution and of ordering 
nave the GasTe3—-ZnTe 


system the variation of optical energy gap Fy as a 


hee! 


with respectively, and 


been established. For 


function of composition has been determined by 


infr: 


i-red absorption measurements. 
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ZnTe, the variation of optical energy gap Ey with 


infra-red transmission measurements 


2. PREPARATION OF ALLOYS AND EXPERI- 
MENTAL MEASUREMENTS 

All alloys were prepared and treated by the 
same techniques as described for the IngTe3 
alloys.) Initially this involved purification of the 
elements followed by preparation of the separate 
compounds and finally preparation of the alloys 
from appropriate weights of compounds. Then 
the alloys were annealed at a suitable temperature 
until equilibrium was attained and X-ray methods 
used to determine the equilibrium condition, a 
9cm powder camera being used with CuKz 
radiation. 

Chemical analysis of specimen alloys after all 
measurements had been made showed that in the 
ZnTe and CdTe alloys the deviation from the 
weighed-out composition was not greater than 
2 mol °,,. For the HgTe alloys a similar accuracy 
was attained at the low mercury content end of the 
system, but for alloys of high mercury content 
despite all precautions to reduce preferential loss 
of components deviations of up to 7 mol °, occurred, 
always corresponding to loss of mercury. Corre- 
sponding alloys in the IngTes-HgTe system had 
been found to give the same effect.@) These larger 
inaccuracies are indicated on the appropriate 
graph. 

Optical measurements were made for alloys of 
the GaoTes-ZnTe system, percentage transmission 


through various specimens being measured as a 
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function of wavelength. The measuring techniques 
were again identical with those used for the 
corresponding IngTeg alloys; a graph of log Jo// 
vs. A was plotted for each specimen (Jo being inci- 


dent intensity and J the corresponding trans- 


mitted intensity) and an arbitrary choice of 


absorption edge wavelength, Az, was made as that 
corresponding to a change in absorption coefficient 
of 350 cm-!. 
3. RESULTS 

3.1 GagTes—ZnTe system 

The alloys of this system were annealed at 
765°C and all except those in the composition 
range from 55-70 mol %, Gag'T’es* appeared to have 
reached single phase equilibrium after 30 days 


@® 
@ 
Cc 
5 
a 
a 


t 


Fic. 1. Variation of lattice parameter ao as a function of 
composition in the system GagTe3-Zn'Te. 

disordered zincblende structure. 

ordered chalcopyrite structure. 
annealing. Alloys in the range 55-70 mol 
GaoT eg were annealed for various times at various 
temperatures up to their melting points but re- 
mained two phase, indicating the presence of a 
miscibility gap in this range of composition. The 
variation of lattice parameter ao as a function of 
composition is shown in Fig. 1, and from this the 
range of miscibility gap is given as 55-73 mol °, 
GazTes. Most of the alloys showed normal zinc 


* In calculating the mol °%%, in all systems composed 
of one Ae!B3! compound and one A™B’! compound 


the molecules have been taken as Ae!'B3%! and A3"'B3!’. 
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blende structure but there is a range of chalcopy- 
rite type ordering around the ideal 75 mol 
GagTeg composition (i.e. GagZnTe4). The exact 
range of this ordering was not determined but the 
73 mol °% GagTeg alloy is ordered, as shown by the 
ordered phase occurring in the miscibility gap, 
while no ordering was observed in the alloy con- 
taining 85 mol °% GaeTe3. Although the ordered 
phases are tetragonal in structure, the c/a ratio was 
found to be 2-0 within the limits of experimental 
error, and so a pseudo cubic ag parameter has been 
plotted for these alloys in Fig. 1. 

Optical measurements were made on single 
phase alloys of this system, annealed to equilib- 
rium as indicated above. The thickness of specimen 
used for transmission measurements was rather 
larger in this case (up to 210m, see Fig. 2) than 
used for the corresponding IngTeg alloys because 
of the poorer mechanical structure of the ingots, 
results could be 


but satisfactory transmission 


ft 


Fic. 2. Variation of log 10 J, /J as afunction of wavelength 


transmission measurements on alloy s of the svsten 


( yao Tes ZnTe 


for 


Composition 
opecimen 


Mol 
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obtained. The curves of logig Jo/J vs. A for the 


various alloys are shown in Fig. From these 


curves the values of Ag as defined previously were 
determined. The values of E, obtained from these 


are shown in Fig. 3 plotted against composition. 


values of Ey, with the 


(JORYUNOVA ef ai shows that each ol 


er results lie approximately 0-1 eV below 


re latively 


; 
determined here. In 


materials a deviation of this 


} 


course be due to difference in 


‘ 


790) ( 


(m.p. 


equl- 


two-phas« 


The 


irlation of 


it Composition 1s 


zap common 
nding from 
pe order- 


compo- 


] } ) 
tained here were Z:‘U 


\its of « and again a 


] 
xperime ntal error, 


ay is plotted in Fig. 4. In 


this case 
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}-1e2 
Fic. 4. Variation of lattice parameter ao as a function of 
composition 1n the syst m Gaol es CdTe. 
disordered zincblende structure 


ordered chalcopyrite structure 


however it was difficult to obtain an accurate c/a 
ratio owing to the blurring of the high angle lines 
in the X-ray photographs despite the various 
annealing treatments used, and hence the differ- 
ence from the value of 1-94 given by HAHN et al.©) 
cannot be considered significant. 

In addition to the \ the 
« Gao'Teg alloy also could not be brought 


main miscibility gap 


85 mol ; 
to single phase condition, and it would appear that 
a second miscibility gap occurs in this system, 
which from the parameters of the two phases of 
the 85 mol 
Gao les 


Gag Tes alloy extends from 83 to 87 
mol Thus in this case the range of 
chalcopyrite type ordering is limited on both sides 


by the occurrence of immiscibility. 


He'Te system 


Alloys of this system were annealed at tempera- 
tures in the range 580-630°C, and equilibrium 
conditions were attained after some 14-20 days 
annealing. But as indicated in Section 2 there was 
some loss of mercury for alloys of high mercury 
content, this corresponding to 4-7 mol °, for alloys 
40 mol Gao Tes. 5 


less than 3 
shows the variation of cubic or pseudo cubic lattice 


containing Fig. re) 
parameter do as a function of composition for the 
nominal composition of the alloys, but with an 
indication of the possible spread in composition for 


allovs of high mercury content. 
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eq 65r— 


Lattice parometer 


mole % GazTes 
Fic. 5. Variation of lattice parameter ao as a function of 
composition in the system GaeTe3—HgTe. 
disordered zincblende structure. 
ordered chalcopyrite structure. 
A ordered structure as yet undetermined. 


Again a miscibility gap occurs, the diagram 
being two phase over a range from 73 to approxi- 
mately 42 mol °%, GagTeg. On the GagT eg side of 
this gap, the normal chalcopyrite ordering occurs 
but over a limited range of composition, for no 
sign of ordering was observed in the 85 mol 
GagT eg alloy. These ordered alloys had a c/a ratio 
of 2 within the limits of experimental error. On the 
HgTe side of the miscibility gap a second ordered 
structure occurs extending from the miscibility 
gap to approximately 20 mol % GagT eg. ‘The 
X-ray line pattern of this structure 1s completely 
analogous to that for the ordered structure at the 
corresponding composition in the Ing'T’es—Hg'T'e 
system, and can be taken to be the same type of 
ordering. As in the IngTeg case pseudo cubic ao 
values can be allocated to these ordered alloys and 
these are the points plotted in Fig. - 

Further work is being carried out to determing 
the form of this second ordered structure, but the 
problem is complicated by the possible loss of 
hence a lack of knowledge of the 


mercury and 


exact composition of the alloys concerned. 
4. DISCUSSION 
As indicated previously“) the variation of optical 
energy gap Ly with composition has been deter- 
mined for a of 
systems as an initial step in investigating the effect 


number semiconductor alloy 
of alloying upon the various semiconductor para- 


meters. The systems described here together with 
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the corresponding ones for Ing Tes differ from those 
previously investigated in that they show ordering 
over certain ranges of composition and have 
miscibility gaps. Both of these effects can influence 
the variation of £y with composition. 

As compared with the IngTeg systems, in each 
of the Gag Teg systems the range of immiscibility is 
larger and the range over which ordering occurs is 
considerably smaller. It is seen that the gallium 
chalcopyrite structures retain their ordered form 
over quite a small range of composition, in each 
case two-phase behaviour occurring with the 
addition of only 2 or 3 mol °% extra of the appro- 
priate AU BV! compound, while with the addition 
of less than 10 mol °(, more GagT eg either ordering 
is lost or, as in the CdTe case, a second miscibility 
gap occurs. In contrast, the IngTe3-ZnTe and 
Ing'T'es—Hg'T'e systems show chalcopyrite ordering 
over a wide range of composition, although the 
[no'l'es—CdTe system has a more restricted range, 
showing somewhat similar form to that of the 
GagTeg systems described above. This limited 
range of chalcopyrite ordering in the GaeT es 
systems, plus the fact that the results in the second 
range of ordering in the Hg'T’e system are compli- 


cated by loss of mercury, make it more difficult to 


observe 1n these systems the effects of ordering on 


either lattice parameter variation or variation of Ey. 

In the GasTe3-ZnTe system where values of 
both ap and Ey have been obtained, it is observed 
for each graph (Figs. 1 and 3) that the curves on 
either side of the miscibility gap appear to be parts 
of a single smooth curve, the general shape of the 
curve being unaffected by the occurrence of a 
range of 
difficulty of obtaining true equilibrium conditions 


in certain systems due to very low diff 


1 


immiscibility. Bearing in mind the 


usion rates' 
it was thought possible that solid solution extended 
; 


throughout the whole range of composition in this 


case, the 


to the 


system as in the corresponding IngT eg 
apparent two phase behaviour being duc 
fact that equilibrium had not as yet been attained. 
Efforts to obtain single phase conditions fo1 alloys 
Gao 

1 To 


ful however and hence this range is presumed 


leg were unsuccess- 


in the range 55—73 mol 


be two phase. 
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EXCHANGE ANISOTROPY IN COBALT-MANGANESE 
ALLOYS 
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Abstract— Magnetization measurements between 4:2° and 750°K on Co—Mn alloys of about 25, 30 


and 35 atomic per cent Mn indicate that no simple disappearance of ferromagnetism takes place with 
increasing Mn concentration, although the magnetic properties of these alloys are very sensitively 
dependent on composition. When cooled to 4:2°K in a magnetic field, all these alloys exhibit hysteresis 


loops that are asymmetrical with respect to the origin. This behavior, similar to that recently re- 


ported for Ni—Mn alloys, is believed to arise in this case also from exchange anisotropy interactions 
between regions of ferromagnetic and antiferromagnetic spin alignment. 

From the high temperature paramagnetic susceptibilities of these Co-Mn compositions and of 
disordered Ni—Mn alloys of 20 to 35 atomic per cent Mn, it is concluded that an increasing number 
of atomic moments are antiferromagnetically aligned with increasing Mn concentration in both alloy 
systems. It is shown that this result combined with the statistical composition fluctuations inherent 
to a disordered alloy provides a plausible model for the exchange anisotropy in these materials 


INTRODUCTION measurements and some recent neutron diffraction 
DISORDERED Ni—Mn alloys of approximately 20 to experiments, it was concluded that if regions of 
30 atomic per cent Mn have recently been found 
to have unusual magnetic properties at low 


temperatures.‘!~4) The anomalous dependence of very 
suggested for the creation of these magnetically 


antiferromagnetic and ferromagnetic spin order 
are present in these Ni-Mn alloys, they must be 
small.4) Two different mechanisms were 


their magnetizations on field and temperature has 


led to the speculation that there are both anti- ordered 
specimens are imperfectly disordered, and there 


regions. According to one, the alloy 


ferromagnetically and ferromagnetically aligned 
moments in these alloys at low temperatures. It 
was also discovered that the hysteresis loops of 


these materials, when cooled to liquid helium 


are small ferromagnetic regions of ordered NigMn 
phase in a matrix of disordered material which is 
presumably antiferromagnetic. In the alternative 
temperatures in a magnetic field, are shifted from suggestion, it is assumed that the rapidly quenched 
their symmetrical positions about the origin; specimens are indeed disordered (having possibly 
torque measurements made under the same con- some short-range but no long-range atomic order) 
ditions revealed a unidirectional anisotropy, where 
the single easy direction of magnetization corre- 
sponded to the direction of the field applied during 
cooling. This extraordinary behavior was found to 
be in general agreement with the predictions of 


and that small regions of ferromagnetic and anti- 
ferromagnetic spin order result from normal 
statistical composition fluctuations and a com- 
petition between antiferromagnetic interactions of 
Vin-Mn nearest-neighbor atoms and ferromag- 


the ‘exchange anisotropy” model (previously netic interactions of Ni-Ni and Ni-Mn atom 


developed and applied to the ferromagnetic Co-— pairs. 

It therefor Another completely metallic 
has exchange anisotropy properties is iron 
aluminum.) According to X-ray diffraction 
measurements, the 30 atomic per cent Al specimen, 


antiferromagnetic CoO system"). system which 
lent considerable support to the original hypo- 
thesis of a co-existence of antiferromagnetic and 
ferromagnetic spin order in these Ni-Mn alloys. 
Moreover, on the basis of these magnetic 
107 


for which these properties were reported, had only 





108 . 


FeAl-type long-range order. However, these 
measurements do not exclude the possibility of 
very small regions of ordered FeAl phase in this 
alloy. It is therefore as difficult in this Fe—Al alloy 
as in the Ni-Mn system to discriminate between 
models, described 


the two exchange anisotropy 


above. 
It seemed to us that cobalt-manganese alloys of 
about 30 atomic per cent Mn might be expected 


magnetic 


to have 


described above for disordered nickel—manganese 


alloys of about 25 atomic per cent Mn. For both 


properties similar to those 


these systems at approximately these compositions 
it has been reported that ferromagnetism dis- 
appears.” Since this decline in the ferromagnetism 
of the Ni-Mn alloys has been interpreted as due 
to a simultaneous increase of antiferromagnetic 
spin order,®) it was thought that the presumed 
cause of this order, an antiferromagnetic coupling 
between Mn—Mn nearest-neighbor atoms, might 
also obtain in Co—Mn alloy Ss. 

Moreover, the lack of 
ordered CogMn phase® would suggest the diff- 


clear evidence for an 


culty, if not the impossibility, of establishing this 
phase, and conversely, the ease with which this 
orde red phase can be avoided by quenching from 
elevated temperatures. Hence, the appearance of 
shifted hysteresis loops or other manifestations of 
exchange anisotropy in the magnetic properties of 
quenched Co-—Mn specimens would favor the 
model in which the normal statistical composition 
fluctuations in these alloys, rather than small-scale 


long-range atomic ordering, play a decisive role. 


EXPERIMENTAL RESULTS AND DISCUSSIONS 

Three Co—Mn alloys were made by the in- 
duction-melting of electrolytic Co and Mn pellets 
in an argon atmosphere. Chemical analysis of the 
ingots gave 25-0, 31-3, and 37-3 atomic per cent 
Mn. Cylindrical specimens 0-5 in. long by 0-25 in. 
in diameter, machined out of each ingot, were 
annealed at 900°C for 12 hr in a helium atmosphere 
and then quenched into water. X-ray diffraction 
analysis of filings taken from adjacent parts of the 
ingots and given the same heat treatment showed a 
face-centered cubic structure for all the alloys; for 
the 25-0 per cent Vin alloy there were also faint 
traces of another phase (presumably hexagonal 


close-packed). (8) 
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Between liquid helium and room temperatures, 
specimens were 


the magnetizations of these 
measured in the apparatus described previously.) 
Magnetization measurements by the same search- 
coil method were also made at higher temperatures 
(up to about 750° K) in a sealed furnace filled with 


b) CoMn 31-3 





Fic. 1. Magnetization vs. temperature at various fields 
for Co—Mn alloys of (a) 25-0, (b) and (c) 37:3 
atomic per cent Mn. For H = 4kOeé, the solid and dashed 
ascending field 


34°53, 


curves represent the descending and 


branches of the hysteresis loops, respectively. 





EXCHANGE ANISOTROPY 
helium. Over both temperature ranges, the mag- 
netization was measured while the applied field 
was slowly cycled between +8 kilo-oersted (kOe). 
From this data, magnetization vs. temperature 
curves were obtained for various internal fields 
(i.e. the applied fields minus the demagnetizing 
fields estimated from the magnetizations and over- 
all shapes of the specimens). 
The curves shown in Fig. 
measurements made for increasing temperature 
after the specimens had been cooled to 4:2°K in 
zero field. It is clear from this figure that the 
maximum magnetization measured at 8 kOe drops 
very rapidly with increasing Mn concentration of 
the alloy. However, it is evident that no simple 
disappearance of ferromagnetism takes place in 
this alloy system. In fact, the unusual temperature 
and field dependences of the magnetizations of all 
three compositions are indicative of a much more 


1 represent the 


complex magnetic behavior. 

This behavior, however, qualitatively parallels 
that of the disordered Ni-Mn alloys which display 
shifted hysteresis loops when cooled in a field. 
Hence, in the next experiment, the Co—Mn alloy 
specimens were cooled to 4-2°K in a 5 kOe field and 
their hysteresis loops measured parallel to this 
field. The results are shown in Fig. 2 together with 
the hysteresis loops, also measured at 4-2°K, for 
the specimens cooled in zero field. It is clear from 
this figure that for each Co—Mn alloy the cooling 
in a field has given rise to a displacement of the 
hysteresis loop from its symmetrical position about 
the origin, such that the material is more easily 
magnetized in the direction of the field applied 
during cooling (the plus direction) than in the 
opposite direction. A displaced hysteresis loop, 
therefore, is evidence of a unidirectional aniso- 
tropy.) As has previously been pointed out, the 


presence of such an anisotropy should result in a 
very low remanent magnetization for the specimen 
cooled in zero field. This prediction of the simple 
experimentally 


exchange anisotropy model is 
borne out by the dashed curves in Fig. 2. More- 
over, with increasing temperature, the asymmetry 
of the hysteresis loops was found to decrease 
monotonically and vanish (for all three Co—-Mn 
alloys) at about 20°K. At this temperature, the 
thickness of the hysteresis loops (and therefore, 
the magnetic hysteresis losses) were maximum. 
This can be explained in terms of the simple 


IN COBALT 


MANGANESE ALLOYS 


(Cc) 


Fic. 2. Hysteresis loops, measured at 4:2 Kk, for Co—-Mn 
alloys of (a) 25-0, (b) 31-3, and (c) 37:3 atomic per cent 


Mn, cooled in +5 kOe field applied parallel to axis of 


measurement zero field (dashed 


(solid curves) or in 


curves) 
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exchange anisotropy model, which also predicts a 
similar temperature variation of hysteresis losses 
for the alloy specimens cooled in zero field. 
Hence, the peaks in the remanences at about 20°K, 
as shown in Fig. 1, also support this model. 
According to this exchange anisotropy model, 
the field applied during cooling should simply 
give the unidirectional anisotropy a preferred 


orientation. Consequently, the magnetization of a 


specimen cooled in a field applied perpendicular to 


the measurement axis should be smaller at any 


given field than the magnetization of the specimen 


] 


cooled in zero field.“ This comparison was experi- 


mentally carried out on the Co—Mn alloy of 31-3 
per cent Mn; the field applied perpendicular to 


the axis of measurement while the specimen was 


cooled to 4-2°K was 5 kOe. 


As shown in Fig. 3, 


measured at 4-:2°K, for the 
Mn, cooled in 


to axis Of measurement 


atomic pel 


1 applied perpendicular 


cent 


1 curve) or in zero field (dashed curve) 


yn at any given field was found to 
aller for the specimen cooled in zero field, 


disagreement with the theoretical prediction 


[his discre pa Icy Was observed previously 
disordered Ni—Mn alloys and was inter- 


as an ettect of the field applic d during cool- 


+ 


ing on the type and degree of magnetic order in 


» ‘ 
small regions of ferromagnetic and _ antiferro- 


magnetic spin alignment.“ 
From our measurements on the Co—Mn alloys, 
we also noted that although the remanent magneti- 


zation did not vanish up to the highest temper- 


ature of measurement (see Fig. 1), the magneti- 


zation over a range of high temperatures decreased 
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linearly to its remanence value with decreasing 
field. This behavior suggests that the alloys are 
magnetically inhomogeneous and that this prob- 
ably arises from composition variations either on a 
very gross scale (which the limited annealing treat- 
ment of the specimens was unable to remove) or 
on a very fine scale (which is inherent to a statisti- 
cally disordered alloy). 

However, since the remanent magnetizations of 
the Co—Mn alloys at high temperatures were very 
small, we felt justified in ignoring them and con- 
verting the linear variation of the magnetization 
with field into a volume magnetic susceptibility, 
vy». The reciprocal of this susceptibility is plotted 
vs. temperature in Fig. 4(a), and it is evident that 


CoMn 250 


Fic. 4+. Inverse volume susceptibility vs. temperature for 
(a) Co—Mn alloys and (b) disordered Ni-Mn alloys 


at sufficiently high temperatures the relationship 
between them for all three Co-Mn compositions 


obeys the Curie-Weiss law: 


(1) 
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Furthermore, it is obvious from this figure that 
the paramagnetic Curie point, @, decreases rapidly 
with increasing Mn concentration of the alloy, and, 
in fact, is negative for the 37-3 per cent Mn speci- 
men. This variation of @ with 
shown more clearly in Fig. 5, in which our @ 


composition is 


Fic. 5. Paramagnetic Curie temperature vs. Mn concen- 
and Ni-Mn 


and 


tration in Co-Mn alloys. Circles and 


triangles represent present previous work, re- 


spectively. 


values are plotted together with those of CRANGLE) 
for the more Co-rich alloys (although the latter 
are actually ferromagnetic Curie points which can 
be expected to be somewhat different from 4). 
The fact that 6 not only decreases with Mn con- 
centration but changes sign and becomes in- 
creasingly negative for the Co—Mn alloys having 
more than about 32 per cent Mn is additional 
evidence that no simple weakening of ferro- 
magnetism is taking place. This variation of 6 
with composition can be better interpreted if we 
examine the definition of @ in equation (1). 

From a quantum mechanical molecular-field 
treatment of a complex magnetic system having 
different magnetic (exchange) interactions between 
different atoms, it is readily found that, quite 
generally, equation (1) will always be valid at 
sufficiently high temperatures. In this equation, 4 


COBALT-MANGANESE 


ALLOYS 


is now defined as 


2S NizigJisSi( Sit 1)S;(Sj+1) 
3k> NiSi(Si+ 1) 


t 


which involves the interaction of each of NV; atoms 


(per unit volume) of spin number S; with the 
Zi; atoms of spin number 5S; in its vicinity. In a 
completely ordered structure, 7 and j would refer 
to well defined magnetic sublattices, whereas in a 
disordered system they would refer to the enor- 


mous number of atoms that are unique in their 


magnetic environment. As it appears in equation 


(2), the exchange interaction coefficient, /j;, is 
positive for ferromagnetic interactions and negative 
for antiferromagnetic interactions. Hence, @ repre- 
sents a particular algebraic average of all the 
exchange interactions between the atoms of a 
system, and if there are both ferromagnetic and 
antiferromagnetic interactions in the system, @ can 
be either positive or negative depending on the 
relative strengths and numbers of these inter- 
actions. 

In the Co—Mn system, therefore, the decrease 
of @ with increasing Mn concentration can be 
attributed to the gradual increase of the number 
of antiferromagnetic bonds (presumably between 
Vin—Mn nearest-neighbor atoms) relative to the 
number of ferromagnetic interactions. In order to 
compare in this way the Co—Mn alloys with the 
Ni-Mn alloys whose low-temperature magnetic 
properties are so similar, we made magnetization 
measurements on the three Ni-Mn specimens of 
Refs. (2) and (4) and on a disordered Ni—Mn alloy 
specimen of 35-9 atomic per cent Mn over tem- 
where the magnetizations were 


perature ranges 


proportional to field. The results are shown in 


Fig. 4(b) as plots of the reciprocal 


volume sus- 
ceptibility vs. temperature, and it is clear that at 
sufficiently high temperatures they all obey the 
Curie-Weiss relation. Moreover, as in the case of 
the Co—Mn alloys, the paramagnetic Curie point 
6, of the Ni-Mn alloys decreases with inet 


Mn 


35-9 per cent Mn composition. Oui 


easing 
negative for the 


€ xtrapolate d 


concentration, becoming 
values of 6 and those previously obtained by Kaya 
and NAKAYAMA ®) are plotted vs. Mn concen- 
tration in Fig. 5. It is readily seen in this figure 
that the variations of @ with Mn concentration are 
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qualitatively alike for both Ni-—Mn and Co—Mn 
systems. This would suggest that the above argu- 
ments for the coexistence of both ferromagnetic 
and for a 


antiferromagnetic interactions 


heir relative strengths with composition, 


and 
change int 
are equally applicable to the two alloy systems. 
The Kaya and NAKAYAMA values of 6 shown in 
Fig. 5, with the exception of the higher of the two 
re 25 


r per cent Mn alloy, have been 


data 


points for tl 


derived from susceptibility obtained well 


the atomic ordering temperatures, and it is 


observed that they generally lie below the curve 


above a 


drawn through the points obtained from our data. 
The exce ption noted represents data on a 25 per 
cent Mn alloy in a quenched state (and, hence, 

low its atomic ordering temperature), and this 


point agrees well with the values for our 


very 
similarly quenched specimens. This would suggest 


1 t 


perhaps tha the quenching of thes« alloys does 
not completely suppress any short-range atomic 
order. However, this possibility has been antici- 

dea paper, 


qualitative aspec 


and we believe it does 
of the 


n of 6 with increasing 


rile! tnis 


il 


ts decrease 


ve rsal of si 


in the alloys. 


derivation of equations (1) 


0 


theoretic 


( 


urle constant which appears in 


tion, is defined as 


sf S VS (> 


t1¢ 


magne 


Mis 


equation 


nad com- 


toms volume) 


pel 
pat 


action (whicl 
] for 


alue ~ 


tt 4 1 
ur iattice¢ ter Values 


| diffs agree with 


obtains 


previously ed ues both alloy sys- 


ulculated of uw», are shown 
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ATOMIC PERCENT Mn 


(a) 


ATOMIC PERCENT Mn 


(b) 


6. (a) Paramagnetic moment per atom and (b) ferro- 
, both in Bohr magnetons, vs. 
Mn and Ni-Mn 


nt previous 


moment per atom 


1 ( 


represent 


magnetic 
Mn concentration 1 O alloys. Circles 


les and work, 


pre S¢ 


re pectively 


in Fig. 6(a) plotted against Mn concentration; also 
shown are previously determined Lp values for 
cobalt, nickel, and Ni-Mn alloys.“*) It is evident 
that the curve drawn through our points for the 
Ni-Mn alloys lies somewhat below the pp values 
lerived from the Kaya and NAKAYAMA data.) This 


a 
discrepancy is presumably related to the difference 
| 


between the values of @ when these alloys are 


either quenched or above their atomic ordering 


t 


temperatures (which was tentatively attributed to 
a difference in the degree of short-range atomic 
order between these two states). Nevertheless, all 
the data represented in Fig. 6(a) suggest an in- 


t 


crease of uz» with increasing Mn concentration in 
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Moreover, this increase is 


the Ni-—Mn 


more rapid than the corresponding rise of py» in 


S) stem. 


the Co—Mn system, which is consistent with the 
fact that the atomic moment of Mn undoubtedly 
exceeds the atomic moment of Ni by more than 
it does the atomic moment of Co. 

It would be instructive to compare this com- 
position dependence of 4» which is a measure of 
moment regardless of the 


the average atomic 


alignment of the individual moments, with that of 


the average atomic moment derived from the 


saturation magnetization, which indicates the 
degree of ferromagnetic alignment. From previ- 
ously published values of saturation magnetization 
extrapolated to 0°K for Co-Mn® and Ni-Mn(?) 
alloys, we obtained values for the average ferro- 
magnetic moment per atom, ue = Mo/Nup. They 
are plotted vs. composition in Fig. 6(b). For the 
more Mn-rich Ni—Mn alloys, it has been shown 
that ferromagnetic saturation is not achieved at 


any temperature even in a field of 100 kOe,© and 


Fig. 1 indicates that this is probably also true for 
the more Mn-rich Co—Mn alloys. However, since 


the magnetizations of these more Mn-rich com- 
positions measured in any given field and extra- 
polated to 0K drop very rapidly with increasing 
Mn concentration, the extrapolated magnetization 
values for 8 kOe were taken as representative and 
converted to average atomic moments, which are 
plotted in Fig. 6(b). 

The initial rise of xs with small additions of 
Mn to Ni has been attributed to a ferromagneti 
Ni—Mn atomic interaction and a larger moment 
for Mn.“@4) The opposite behavior of y¢ for small 
additions of Mn to Co would suggest that the 
Co-—Mn interaction is antiferromagnetic. Further- 
more, the contrasting variations of wy and pr with 
composition, particularly at the higher Mn con- 
centrations as shown in Figs. 6 (a) and (b), almost 


certainly arise from the overwhelming strength of 


an antiferromagnetic Mn—Mn coupling. The in- 
crease in the number of strong antiferromagnetic 
interactions between neighboring pairs of Mn 
atoms with increasing Mn concentration results 
in a rapid development of antiferromagnetic spin 
alignment which more than compensates for the 
increased average atomic moment, py, and thus 
reduces the average ferromagnetic moment, pr. 
According to the previous discussion of Fig. 5, 
this would also account for the negative values of 


H 
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the paramagnetic Curie point for sufficiently Mn- 
rich compositions of the two alloy systems. The 
ordered alloy NiMn, incidentally, was recently 
found to be an antiferromagnet with a high Néel 
600°K) in which the moments of 
Mn 


parallel;“°) our hypothesis of strong antiferro- 


temperature ( 
nearest-neighbor atoms are aligned anti- 
magnetic Mn—Mn interactions in the disordered 
alloys would therefore appear justified. 

of antiferromagnetic spin 
alignment Mn 
would not proceed uniformly in a Co—Mn alloy, 


The development 
with increasing concentration 
which almost certainly is disordered and therefore 
has inherent statistical composition fluctuations, 
but would occur most readily in regions having the 


* Mn. 


change interaction between these antiferromagnetic 


highest local concentration of The ex- 


regions and the ferromagnetic Co-rich regions 
would then give rise to exchange anisotropy 
effects such as the displaced hysteresis loops dis- 
cussed earlier in this paper. Although in the 
disordered Ni—Mn alloys there is the possibility of 
Nig Mn 
phase interacting with antiferromagnetic regions 


NiWMin 


phase), it seems more likely that the mechanism 


small ferromagnetic regions of ordered 


of disordered material (or of ordered 


responsible for exchange anisotropy in these alloys 


is basically the same as that given for the Co—-Mn 


Sj stem. 
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Abstract—This paper deals with the effect of adsorbed water on the conductivity of such sub- 
stances as cellulose, silk and wool. The water is adsorbed internally, that is, on internal surfaces, 
and is in equilibrium with the relative humidity of the air. It is shown that the conductivity @ is 
| «x is the water content in per cent of the 


and 7 is a con- 


o,(%/%0)”, where o is expressed in (ohm.cm) 
“a9 is the water content at saturation, o, is the ‘“‘saturation conductivity’’, 
9-3 for cellulose, 16-0 for silk and 16-4 for wool. The model 


given by o 
dry weight, 
stant which nas the following values : 
proposed here to explain these relations has the following content 
structure of these materials is such that there are periodically distributed ion-generating sites where 
the dissociation energy for the formation of ions is appreciably less than the energy required to 
dissociate a water molecule into H30* and OH~-. These ion generating sites are connected by a 


chain of m water-adsorption sites. The elementary contribution to the conductivity occurs when there 


It is assumed that the secondary 


is a complete chain of water molecules connecting neighboring ion-generating sites. This condition 
prevails in general only for a small fraction of the time, and the conductivity is proportional to this 
fraction. The probability of occupancy of a given adsorption site by a water molecule is, by definition, 
a a9. On the assumption of statistical independence of the instantaneous occupancy numbers, the 
probability of simultaneous occupancy of m sites is given by the product of m independent proba- 
bilities, namely, by («/xo)”. The adsorption complex is considered to have the conduction properties 
of a solid dielectric, and the general expression for ionic conductivity may be substituted for os, 
giving a complete expression for the conductivity. The model requires that » be an integer, and 
therefore the theoretical value of n for cellulose is 9, for silk 16 and for wool 16, in reasonable agree- 
ment with the experimental values. Silk and wool are representative of classes of proteins, and it is 


possible that other proteins will exhibit other values of the index n 


INTRODUCTION cellulose or silk is too indefinite to yield useful 


IN AN ORDINARY ionically conducting crystal the quantitative relationships. However, this is not the 


conductivity is due either to the mobility of the 
normal lattice ions, or to that of impurity ions. 


Cellulose, silk and wool, have a conductivity of 


this type, but at room temperature it is very small. 
However, their conductivity is very sensitive to 
the relative humidity of the air. For example, the 
results to be discussed here show that the con- 
ductivity of cellulose rises by the factor 10! as the 
relative humidity rises from about 1 per cent to 
about 99 per cent. There is likely to be an im- 


pression that the structure of such materials as 


* This work was aided by a National Science Founda- 


tion grant 


case; and when suitable precautions are taken to 
avoid errors due to dielectric polarization on the 
one hand and electrolytic effects on the other, the 
conductivity measurements on such materials can 
have an accuracy comparable with that of similar 
measurements on crystals. The results discussed 
here show that the conductivity is a definite 
function of the water content. The purpose of this 
paper is to discuss the significance of this function 
and to propose a model for the conduction process 
the 


in structures which we describe as 


cellulose-water complex, the silk-water complex 


may 


and the wool—water complex. 
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EXPERIMENTAL RELATIONSHIPS 
The « xperime ntal methods have been described 
experimental 
The 


forms which exhibit the basis 


| 
In papers the results and 


they will no main results 
will be 
for the discussion of their significance in terms of 


he d 


t be repeated here. 
reduced to 


he model to 


It 


escribed here. 
the experime ntal papers the 
1 as resistances (F) per si1 


function 


of the relative 


t (M), 


expressed as a percentage of the dry weight of the 


dds a 


humidity water-conten the latter 
lk. or wool). Here we use the estimated 
and the electrode 
1d and an 


yt threads pel 


lectrode surface (A) 


ympute the ratio 


square 
i 


for the calculation of this 


OI threads. included 


yeriIments 
ot 


their agreement with 


Ihe ex] 
1 
I 


asurements upon single fibres threads 


the 
ivity obtained for threads was such that 
In 
his 
h is reproducible 


h seem 


showed that alues 


Sis 


at t 


kperime 
/ 


3a mauctivity whic 


of substances whic 


more homogeneous. 


betwee! ndauctivity o 


na 
where G 1s 


the « xpe rimental 


cellulose—wate1 


has re spective ly 
ur types 
The 


: while 16-6 was 


obtained for twist is, wires covered 


with cotton thread and twisted together; for these 


the cellulose was 1 


its initial state with respect to 


was obtained 


4 


for twisted pairs of cellulose 


y present electrolytes had 


] 
tuTall 


removed by washing in dis- 
consid lift 
values 16-1 and 16-6 and between the 
18-4 the 


A/d ratio rather than a 


tiliead water. ered that the erence 


tne 


18-2 


betwee! 


and reflects the error in 


value S 
estimation of the difference 


in the conductivity of the cellulose depending 
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upon whether the field is parallel to or perpendicu- 
We shall therefore 


combine these values by averaging; that is, B in 


lar to the axis of the fibres. 
equation (1) is now considered to have the value 
16-3 for natural cellulose (cotton) in its initial state 
and 18-3 for cellulose of reduced electrolyte con- 
tent. 

In the experimental paper the water content is 
referred to the dry weight of the cellulose, but we 
shall the 


content prevailing at when 


water 
the 
cellulose is in equilibrium with air at 100 per cent 


here express it as a fraction of 


saturation, 1.e. 


relative humidity. If Mp is the water content of 
cellulose at saturation, expressed as a percentage 
of the di VWsMpo is the fraction of 


saturation prevailing when the cellulose is in equi- 


y weight, then 


] 
a relative 


librium with humidity such that its water 
content is VW. We shall find it convenient to change 
the notation by substituting « for M; then «/a9 


( W/Mo) is the It is a 


from VU to 


relative water content. 


variable ranging 1 as the cellulose goes 


n¢ 
from complet dryness to saturation. 
We may I 


form: 


ow write equation (1) in the equivalent 


log o 9-3 (log x%9%/o9)—B 


For cellulose the saturation water content 4.0) is 


22-4 per cent, 


experimental paper. Substituting the value of log 


according to data discussed in the 


4), together with the two experimental values 16-3 


and 18-3 for B in this equation, we obtain: 


9-3 log (a%/a9)—3°7 


log On 


9-3 log (%/x9)—5°8 


log o 


where co, and oy are respectively the conductivity 
of cellulose containing the initial (or normal) con- 
centration of electrolytes and that of cellulose from 
which the electrolytes have been largely removed 
by washing in distilled water (reduced electrolyte 
conductivities are expressed in 
Fig. 1 some of the data upon which 
these relations are bast d 1S given; these data are for 
threads 


pairs. They give curves which are parallel to those 


content). Che 


(ohm.cm) 1 In 
Similar data were obtained for twisted 
for threads and are therefore omitted in order to 
the The 


twisted pairs support the value 9-3 given as the 


avoid complicating figure. data for 


slope in equations (3) and (4). 
The relations expressed in equations (3) and (4) 
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may also be put in the following form: 


on 2:0 x 10-4(¢ 79)9'3 


or = 16x10 “6( x, 49)9°3 





Norma 
electrolyte 
content 


Reduced 
electrolyte 
content 
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Fic. 1. The conductivity of natural cellulose (cotton) as 
a function of relative water content, «/«o. The closed 
circles refer to an increasing sequence of relative humidi- 
ties, the open ones to a decreasing sequence. Curves (3) 
and (4) are the empirical curves corresponding to th¢ 
power 9-3 in equations (3) and (4). Curves (10) and (11 

broken lines, correspond to the power 9 given by thi 
model (equation 12) when m is restricted to intege1 


values. 


At saturation «/a%) = 1 and the observed conduc- 
tivity may be described as the saturation conduc- 
tivity,cs. "This quantity has the value 2~x 10 

(ohm.cm)-! for cellulose of normal electrolyte 
content and 1:6x 10-6 (ohm.cm)~! for cellulose 
of reduced electrolyte content. The latter is of 
the same order of magnitude as the conductivity 
of distilled water at 25°C, while the former is about 
equal to the conductivity of a 1-4 10-% molar 
KCI solution, for The conductivity 
drops very rapidly as the water content is de- 
creased: for instance, equation (6) shows that 
when «/%g is 0-1 the conductivity is reduced to 
7-9 x 10-16 (ohm.cm)!. The lowest conductivity 


instance. 


directly observed in these measurements is 6, 
8 x 10-19 (ohm.cm)~!; this value was obtained at a 


relative humidity of about 1 per cent. 


CELLULOSE, 


SILK AND WOOL 


SILK AND WOOL 
Similar data were obtained for the dependence 
of the conductivity of silk and wool on water con- 
tent. For Tussah silk and wool threads the data are 
as follows: 


Silk: log R 
Wool: log R 


16:0 log M+C 
— 16:4 log M+D 


where RF is the resistance in ohms, M the water 
content in per cent of the dry weight, and the con- 
stants C' and D have values depending upon the 
dimensions of the specimen and its electrolyte 
content. For silk of normal electrolyte content 
28-4, while for silk of 


30-5. 


(i.e. in its initial state) C 
reduced electrolyte content C 

threads of initial electrolyte content D = 32 
are not available for wool of reduced electrolyte 


For wool 
: data 


content. 

These data can be 
venient form by the same steps as those described 
for cellulose. ‘The approximate value of Ad is 
taken to be 10? and the saturation water content 
Vo ( 


38-0 per cent for wool. On this basis we obtain the 


converted to a more con- 


ay) is taken to be 33-0 per cent for silk and 


following expressions for the conductivity of silk 
and wool: 
10-8(x%/a9)16 (9) 


10-9(%/x%,)16 (10) 


| 


is the conductivity of silk of normal 


where op 
electrolyte content and o; that of silk of reduced 


electrolyte content. For wool, 


7:9 x 10-9(x/x%9)16-4 (11) 


On / 


The conductivities are expressed in (ohm.cm)~!, 


The exact agreement between the saturation con- 
ductivities of silk and wool is considered to be 
fortuitous; the actual conductivities at saturation 
are not identical. The value of the saturation water 
content (a) affects the value of the saturation con- 
ductivity, not the power to which («/x9) is raised 
in the conductivity expression. 
1ON-GENERATING SITES 

The electrolytes referred to above are considered 
to be mainly alkali metal ions (Na+ and K 
bined chemically with the long chain molecules, 
but capable of easy dissociation. During washing 
in distilled water these metal ions are replaced by 


) COM- 
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H* derived from the water in an ion exchange 
process. Thus these substances, cellulose, silk and 


wool, are regarded as ion-exchanging materials, and 
the specimens of reduced electrolyte content are 
considered to have H+ in chemical combination 
in place of a metal ion. The negative ion associated 
with the metal ion is a part of the cellobiose chain 
(in the case of cellulose) and on this account it is 
stationary, the so-called fixed charge. (2) It is 
assumed that the sites where metal ions are held in 
loose chemical combination (or adsorbed strongly) 
are periodically arranged in a regular pattern. 
These sites are considered to be places where the 
energy of dissociation into ions is less than that for 
the dissociation of adsorbed water into H30+ and 
OH-. And, finally, it is assumed that these sites 
may have a longer repeat period than the primary 
structure of the substance; that is, that they may 
reflect the presence of a secondary structure 
formed during the growth of the material. We 
shall call these sites 1on-generating sites; they have 
the periodicity of the primary or secondary struc- 
ture of the material. Their presence should be 
exhibited in stoichiometrical ratios derivable from 
suitable ion-exchange experiments, according to 


the present hypothesis. 


MODEL FOR THE CONDUCTION 
BEHAVIOR 

We assume that the ion-generating sites are 
connected by a chain of water adsorption sites. In 
cellulose this chain contains nine water adsorption 
sites between each neighboring pair of ion- 
generating sites along the long axis of the cellobiose 
chain. In silk and in wool ‘the chain consists of 
sixteen water adsorption sites. In other materials 
of suitable type the number may be different; so 
that in general for the postulated type of structure 
there are m water adsorption sites between each 
neighboring pair of ion-generating sites. 

The concentration of water in the substance 
(cellulose, silk or wool) is a function of the relative 
humidity of the air with which it is in equilibrium 
at a given temperature. At any given site there is a 
certain probability that a water molecule will be 
adsorbed, and this is a function of the relative 
humidity; that is, the fraction of the time that any 
given site is occupied by a water molecule is a 
function of the relative humidity with the range 
(0,1). We assume that the elementary contribution 
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to the conductivity occurs when there is a complete 
chain of water molecules joining a pair of neigh- 
boring 1on-generating sites. This condition prevails 
only for a small fraction of the time in general, and 
the conductivity is proportional to this fraction. 
The essential part of the model is the assertion that 
the probability of a complete chain occurring is 
the product of the separate probabilities of 
occupancy of each water adsorption site in the 
chain joining pairs of adjacent ion-generating 
sites. That is, the event consisting of the formation 
of a complete chain is the intersection of m inde- 
pendent random events.) The probability of each 
site being occupied by a water molecule is given 
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Fic. 2. Conductivity as a function of water content for 

wool, silk and natural cellulose. M is the water content 

in per cent of the dry weight. Curve 1 is for wool. Curve 

2 for silk of ash content 2:1 per cent. Curve 3 is for silk 

of reduced electrolyte content (ash 0:28 per cent). Curve 
4 is for cotton of ash content 1-0 per cent. 


by (x/ao); this is essentially by definition. The 
probability of m of these being occupied simultane- 
ously is then («%/a9)”. The expression for the 
conductivity on this model is then: 


o = G5(a/a%9)” 


where os is the saturation conductivity, i.e. the 
conductivity when «/ x9 1, and «/c9 is the rela- 
tive water content. For cellulose 7 has the value 9, 
for silk and wool 16. 

In Fig. 1 the data for cellulose are plotted and a 
comparison is made between the theoretical rela- 
tion of equation (12), with m = 9, and the experi- 
mental data. The agreement is considered to be 
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within the possible experimental error, though the 
power 9-3 fits the data better than 9, In Fig. 2 
similar data are given for silk and wool, with the 
cellulose curve added for comparison. In this case 
the data are plotted as a function of water content 
M, rather than relative water content «/xo. 

In Fig. 3 an attempt is made to indicate schemat- 
ically the content of the model for the case of silk. 
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Fic. 3. A schematic indication of the nature of the model. 
The chain of water-adsorption sites connecting ion- 
generating sites in silk is shown at (a). The instantaneous 
reading on each of the discs shown at (b) is a stochastic 
variable giving the time at which the corresponding 
water-adsorption site is occupied. Conduction occurs 
when there is a coincidence of readings on the sixteen 
discs. The time-average values of the « (t)/ao are equal, 
the instantaneous values different. 


The graduated discs at (b) give the time at which 
the 7th adsorption site is occupied by a water mole- 
cule. A coincidence in the readings of the sixteen 
discs corresponds to a complete chain of water 
molecules, and consequently to an elementary 
contribution to the conductivity. It is assumed 
that a coincidence means simultaneous occupancy 
during a time interval of the order of magnitude 
of the relaxation-time of polarization processes in 
an ice-like structure at 25°C. A coincidence is the 
intersection of sixteen independent random events 
and the fraction of the time that this condition 


prevails is given by (a/ao)!®. 
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THE SATURATION CONDUCTIVITY, o, 

As equations (5) to (11) show, the empirical 
value of the saturation conductivity o; ranges from 
a value about equal to that of ordinary distilled 
water to values corresponding to aqueous solutions 
as much as about 10-2 molar. While the empirical 
values of os suggest that the saturation conductivity 
could be regarded as a limiting value correspond- 
ing to conduction in liquid water, or a dilute 
aqueous solution, this interpretation is not fully 
consistent with our model. The model depends 
upon the presence of fixed adsorption sites, and this 
structure should have the conduction characteristics 
of a solid dielectric. We therefore replace os in 
equation (12) by an expression for the conductivity 
of solid dielectrics.@) The conductivity of the 
adsorption complex is then given by 


o = (a/a9)"(9 x 1014h)-1Nezd2 x 
x exp[—(4Wa+ Wa)/kT] (13) 


where 7 has the value 9 for cellulose, and 16 for 
silk and wool. (Other materials may give other 
values for n.) In equation (13) # is Planck’s con- 
stant, k the Boltzmann constant, 7 the temperature 
in degrees Kelvin, Wg the energy for the dissocia- 
tion of the ion-generating sites to produce mobile 
ions, Wg the activation energy for mobility in the 
water chain joining the ion-generating sites, N 
the number of ion-generating sites per cubic 
centimetre, e the electronic charge (univalent ions 
assumed) and d the distance in centimetres between 
ion-generating sites. 

It is necessary that Wg be less than the dissocia- 
tion energy for forming Hg0*+ and OH~ in water. 
For, if this condition did not prevail, the dissocia- 
tion of adsorbed water into ions would dominate 
the conduction behavior, and according to our 
model the integer » = 9 or n = 16 would drop to 
n = 1, because all adsorption sites would con- 
tribute to the conductivity, as in ordinary liquid 
water. The characteristic behavior is then derived 
from the quasi-crystalline pattern of the structure 
of the adsorption complex. 


COMPARISON WITH CONDUCTION IN 
CRYSTALS 


[In ordinary conduction by ions in a crystal lattice 
the ion moves under thermal excitation from site 





to site by a random walk process biassed by the 
applied electric field.) At each new position its 
environment is identical with that at the position 
it left. In the present model the ion-generating 
sites take the place of the lattice sites and the trans- 


port process between sites is complicated by the 


need for the ion to be carried along a chain of 
water molecules joining pairs of equivalent ion- 
generating sites. The model depends upon the 

antaneous probability of adsorption at a given 
site being independent of the instantaneous state 
ol occupancy of other nearby adsorption sites; 
that is 
independent random events rather than conditional 


we have used the probability theory for 


probabilities. It may seem likely that the occupancy 
of neighboring sites would influence the occupancy 
of a given site. But the same type of assumption 1s 
made in the theory of ionic conduction in ordinary 
crystals. For there is at any temperature a certain 
fraction of the ions in the activated state for mo- 
bility; if the crystal were divided into thin sections 
it would be found that the time-average value of 
this fraction would be the same for all sections of 
a homogeneous crystal. However, the instantaneous 
configuration of occupied and unoccupied sites is 
distributed at random and independently; for the 
theory is based upon this assumption, and it agrees 
with experiment. In fact, the 


reasonably well 


{ 


juxtaposition of “instantaneously” occupied and 
unoccupied lattice sites is the basis of the con- 
duction process. Therefore there is a precedent 
in the general theory of ionic conduction for the 
independence at the 
though the 


assumption of statistical 


adsorption sites in our model, time- 
average value of the occupancy is the same for all 


adsot ption sites. 


TEMPERATURE DEPENDENCE 


In discussing the conduction data we have 
assumed that the adsorption complex acts as a 
solid dielectric. Since the adsorbed substance is 


water, it should be appropriate as a first approxi- 


mation to substitute in equation (13) the values of 


Wa and Wa applicable to ice. According to un- 
published results of the writer the energy in the 
Boltzmann factor for d.c. conduction in ice (i.e. 
+Wa+t Wa, is 11-5 kcal/mole.) The energy in the 
Boltzmann factor for a.c. conduction has about the 
of the 


same value.) Tentative measurements 


temperature coefficient of conduction in cellulose 
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at 75-5 per cent relative humidity are in reasonable 
agreement with the above value, but their accuracy 
is unknown. On these grounds we substitute 11-5 
kcal/mole as the Boltzmann factor in equation (13). 
There is no need at present to separate the activa- 
tion energy from the dissociation energy. 

In equation (13) we also assume that the ion- 
generating sites in cellulose are separated by the 
length of the lattice constant (10-3 A) and that 
each unit cell contributes a single univalent ion 
to the conduction process; we then have N = 
3-94 102! and d= 10-3x10-8cm. The 
ductivity of the cellulose-water complex is then 


con- 


given by 


= (x/x9)" x 1-6 x 108 exp(—11-5 x 103/RT) (14) 


in which x = 9 and R is the gas constant. At 25°C 
the exponential factor has the value 1-88 x 10-9 
and equation (14) reduces to 


3-0 x 10-6(x/x9)” 


(15) 


At saturation, where «/ao 1, this becomes 


cs = 3-0 10-® (ohm.cm)-!, in reasonable agree- 
ment with the observed value of os given in equa- 
tion (6). If the ion-generating sites correspond to 
a secondary structure which has a repeat distance 
greater than 10-3 A, the corresponding value to be 
taken for N decreases, and this tends to compen- 
sate for the increase in d. In the case of silk, d in 
equation (13) is about 27 A, if we take the length 
of the helix as the repeat period. Assuming that 
Nd is approximately constant, this would lead to 
a os for silk which is about 2-6 times that for 
cellulose. Actually o; is considerably larger for silk 
than for cellulose. This may be due to a larger 
electrolyte content or to smaller values for Wgq in 
the case of silk and wool as compared with 


cellulose. 


THE DEPENDENCE OF CONDUCTIVITY ON 
ELECTROLYTES 

As indicated in equations (5) and (6) and also 
(9) and (10), the saturation conductivity os is dim- 
inished by a reduction in the electrolyte content, 
but the power n is invariant to changes in electro- 
lyte content. It is proposed that this dependence 
on electrolyte content, while partially due directly 
to the reduction of electrolyte content, is also due 
in part to an increase of dissociation energy when 
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H* replaces an alkali metal ion in the adsorption 
complex in consequence of ion exchange. That is, 
we assume that Wg(H*+)—Wa(Na*) is about 5-5 
kcal/mole in the extreme case where the difference 
of dissociation energies is made entirely responsi- 
ble for the observed ratio o,/o,. However, the re- 
duction of concentration should be responsible for 
a part of the ratio o,/cr and the difference of dis- 
sociation energy may therefore be considerably 
smaller than the above value. 

When W is regarded as a function of the elec- 
trolyte composition as indicated above, the single 
term expression of equation (13) provides simul- 
taneously a description of the dependence of the 
conductivity of the adsorption complex on water- 
content, on electrolyte content and on temperature. 
However, these substances (cellulose, silk and 
wool) have a non-zero conductivity in the dry 
state, (see Ref. 4) which should be added to the 
conductivity of the adsorption complex given in 
equation (13) to give the total conductivity of the 
material. Actually, however, it is only at elevated 
temperatures that the intrinsic conductivity of the 
cellulose is comparable to the contribution due 
even to a very small percentage of water in the 
material. 


LENGTH OF THE ITERATED UNIT 

The evidence of the conduction data discussed 
here is that there is in cellulose a repeat period in 
the adsorption complex which extends over an 
interval of nine adsorption sites, while in silk and 
wool it extends over sixteen water adsorption sites. 
It is perhaps possible to arrange that there is one 
ion-generating site in each unit cell of the length 
indicated by crystallographic analysis. But the 
ion-generating sites are an aspect of the adsorption 
complex and this may be regarded, according to 
the present point of view, as a secondary aspect of 
structure which is not necessarily revealed 
definitely by X-ray diffraction analysis of the 
primary structure of the underlying cellulose or 


protein. The crystal structure of cellulose, ®) 
silk and wool’) has been extensively studied by 
X-ray diffraction methods. The main repeat dis- 
tances and symmetries are well established, but the 
actual structure is deduced by arranging the long 
chain molecules in such a way as to satisfy the 


translation-rotation-reflection symmetry opera- 


tions and the lengths of repeat periods, while also 


CELLULOSE, 


SILK AND WOOL 121 


satisfying other evidences of structure. While it is 
possible that the ion-generating sites are separated 
by a distance no greater than the longest repeat 
distance revealed by crystallographic analysis, it 
seems desirable to admit the possibility that the 
ion-generating sites form part of a secondary 
structure relating to the way in which the long 
chain molecules are arranged in association with 
adsorbed water. The periodicity of this secondary 
structure would be expected to be related to and 
consistent with the periodicity of the long chain 
molecules. However, it seems possible that the 
secondary structure could involve such small 
changes in scattering power that it would not be 
represented in X-ray diffraction patterns. 

It seems likely that proteins other than silk and 
wool, and also many other materials which absorb 
large quantities of water, have a secondary struc- 
ture of similar type to that indicated by our model 
and that they exhibit similar conduction behavior. 
The behavior we have described here may then be 
common to a class of materials having a net-like 
or reticular structure in which water is adsorbed. 
It may be useful therefore to describe the type of 
conduction which we have discussed here as 
reticular tonic conduction, where we imply by this 
that it is ionic conduction “‘modulated”’ by the 
relative content of adsorbed water in accordance 


with equation (13). 


APPLICATION TO THE PROTEINS 
Silk and wool are fibrillar (or fibrous) proteins 
belonging to different classes. Wool belongs to the 
keratin class, while the type of silk used in these 
measurements (Tussah) contains a large percent- 
age Silk contain certain 


amino acids in common, but the differences in 


of alanine. and wool 
their amino acid composition are great enough that 
it would seem most unlikely that the power z in 
equation (13) would come out as sixteen for both 
substances on the ground of chemical structure 
alone. However, if we assume that each amino 
acid provides only one adsorption site for water 
regardless of its composition, then according to 
our model, inversion of the order of any pair of 
amino acids in the sequence which forms the pro- 
tein would not affect the value of m. Moreover 
repetitions of the same amino acid in the chain 
would be equivalent to the same number of 
different amino acids: for instance, gly-gly-gly 
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would not be distinguishable from gly-ala-ser.* 
This suggests the simple hypothesis that the power 


n in equation (13) is determined by the number of 


amino acid residues in the iterated unit revealed by 
the conduction behavior, and is independent of 
the chemical composition of these acids and their 
order in the sequence. The index n 16 obtained 
from the conduction data for silk and wool corre- 
sponds approximately to the number of amino acid 
residues per helical repeat period,:!% namely 


about eighteen. 
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Abstract 


Alloys have been prepared with compositions corresponding to the formulas ABs, ABs, 


AB and A3B, in which A is Y, La, Ce, Sm, Gd, Dy or Ho and B is Mn, Fe, Co or Ni. Samples were 
prepared by the technique of levitation melting. Powder diffraction patterns were obtained to estab- 
lish whether or not the various alloys existed in the form of intermetallic compounds. Extensive 


compound formation tendency was exhibited by all the lanthanons except La. 

Ali ABz type compounds were found to exist in the MgCuz structure. The ABs type compounds 
occurred either in the CaCus structure or in an unsolved orthorhombic structure. Some AB and 
AsB compounds may exist. Confirmation awaits interpretation of their diffraction patterns. Factors 
affecting the existence of these compounds and their structural parameters are discussed. 


1. INTRODUCTION 

THIs AND the following are the first in a series of 
papers dealing with intermetallic compounds? 
which contain a lanthanon in chemical union with 
one of the transition metals of the First Long 
Period. The present paper deals with the technique 
used in the preparation, evidence for existence, 
and determination of structures. The following 
paper and later members of the series are to be 
devoted to the physical properties of the com- 
pounds, with principal emphasis being placed on 
their magnetic behavior. 

A number of years ago VOGEL and his associates 


* Based in part on the thesis presented in partial ful- 
fillment of the requirements for the degree of Doctor of 
Philosophy at the University of Pittsburgh by K 
Nassau, August, 1959. 

+ The authors wish to thank the Davison Chemical 
Division of W. R. Grace and Co. for the support of this 
work. 

¢ It is to be noted that to facilitate expression the 
term ‘‘compound”’ is used throughout this series of papers 
rather than the more appropriate nomenclature “‘inter- 
mediate phase’’. In so doing there is no intent to imply 
restricted composition range for the intermediate phase 
There is as yet little information to indicate the range of 
composition over which the intermediate phase exists. 
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worked out and published phase diagrams for 
several binary metallic systems in which one com- 
ponent was a lanthanon and the other was either 
iron, cobalt or nickel.“-%) Their diagrams, corrected 
in the case of the Ce/Fe system by JEPSON and 
Duwez™), suggested the occurrence of compounds 
with stoichiometries corresponding to the formulas 
ABs, ABy, AB3, ABs, AB and AgsB, in which A 
represents the lanthanon and B is Fe, Co or Ni. 
Confirmation of the existence of ABs and AB» 
compounds was provided by X-ray work in 
several instances. Analysis of the X-ray diffraction 
patterns showed that the ABs and ABz compounds 
occur in the CaCus and MgCug structures, re- 
spectively. Diffraction patterns for the AB and 
A3B samples have not been successfully inter- 
preted. Hence, independent support for the exis- 
tence of the AB and A3B compounds has not been 
provided. The existence of AB3 and AB, com- 
pounds ts even less certain. 

The MgCug structure occurs widely among 
intermetallic compounds and the factors which 
govern its occurrences are fairly well understood. 
For the ABz compounds which adopt this struc- 
ture, the A’s are arranged on a diamond lattice and 
the B’s fit into the voids between the A’s so that 
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and 


Table | 


Minimum 


purity 


anthnanum 
Ceriun 
samarium 
(,adolinium 
Dysprosiun 


Holmium 


space is efficiently filled. It is clear that the MgCue 
structure cannot develop unless the radius ratio of 
the components falls within certain limits. LAVEs 
and Witte) have stressed the importance of an 
additional requirement—namely, that the number 
of electrons per atom in the conduction band be 
CaCus 


structure, it does not occur widely and compara- 


within a certain range. As regards the 
tively little study has been made of the factors in- 
volved in its stability. However, it appears that in 
/ which involves 


] 
1 structure 1S aiso one 


lis case the 
efficient packing and hence there are undoubtedly 
restrictions on the radius ratio. 

On the basis of these considerations and in view 
of the similarity in size and electronic make-up ot 
the several lanthanons, it appeared that since one 
of the lanthanons, namely cerium, formed the 
ABs and AB; compounds with Fe, Co and Ni, the 
other numbers of the group should act similarly. 
If so, this would give rise to a fairly large group of 
intermetallic compounds. Excluding prometheum 
but including yttrium and lanthanum the total 
number of possibilities is ninety. Examination of 
the literature shows that the existence of only ten 
of these has been confirmed—CeFee, CeNis, CeCoo 
and PrNig by Vocet et al,“~®) CeFes by JEPSON and 
Duwez™), LaNis, CeNis and PrNis by Nowotny“), 
GdNis and GdFe2 by ENDTER and KLEMM®: 9) and 
CeCos by The objective of the 


present work was to prepare and examine a sub- 


HEUMANN!9®), 


stantial fraction of the other possibilities. Toward 


this end eight ol the ten compounds cited above 


investigations by WERNICK and 
\ Bs compounds in this 


* Results of 


GELLER involving 


recent 
a number of 


series, including 10 new ones, have just recently been 


received in this Laboratory 


Impurities 


Mg 


were prepared and re-examined to verify the 
structures previously reported for them, after 
which thirty-four additional ABs and ABs com- 
pounds (containing Y, La, Sm, Gd, Dy and Ho 
as the lanthanon) were prepared and examined. At 
this point the scope of the investigation was ex- 
and, with the 


include manganese 


tended to 
exception of the two samples containing Sm, the 
corresponding Mn containing compounds were 


prepared and investigated. In addition thirty-five 


samples with compositions corresponding to the 
formulas AB and AsB were prepared and examined 
in an attempt to ascertain whether compound 
formation occurs at these stoichiometric ratios. 


2. EXPERIMENTAL DETAILS 


(a) Materials used 

The lanthanons were obtained from the Re- 
search Chemicals Division of the Nuclear Cor- 
poration of America, Burbank, California, and 
analyses provided by the supplier are collected in 
Table 1. The metals were stored under mineral oil 
prior to use, 

The iron obtained from the National Research 
Corporation, Cambridge, Mass., contained 0-04 
per cent Ni and 0-01 per cent or less of some 21 
other elements. The cobalt, procured from John- 
son Matthey and Co, Ltd. London, England, con- 
tained 5 p.p.m. Si and less than 3 p.p.m. of forty- 
five other elements. The nickel was obtained from 
the Crucible Steel Co. of America, Syracuse, N.Y. 
It contained 0-14 per cent Co and 0-01 per cent or 
less of eleven other elements. The manganese used 
was Baker and Adamson No. 1938. According to 
the supplier its total impurity content did not 


exceed 0°5 per cent. 
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(b) Preparation of samples 

The samples were prepared by melting together 
weighed amounts of the components under a pro- 
tective atmosphere of argon. The surface of the as 
received metal was filed away and samples cut with 
a jeweler’s saw, both under mineral oil, after which 
the sample was freed of oil by washing with CC14. 
To avoid crucible contamination, which was 
expected to be serious for these melts, the tech- 
nique of levitation melting was employed. ‘The 
equipment used to levitate and melt the sample 
was similar to that described by PoLONIs, BUTTERS 
and Parr“) and CoMENETZ and SALATKA(?), The 
sample is levitated, melted and stirred by the 
electromagnetic field from a conically shaped in- 
duction coil powered by a 10 kW Westinghouse 
Industrial Radio Frequency Generator operating 
at 450 kc. The starting materials rested initially on 
a movable quartz pedestal inside the induction 
coil but within 1 or 2 sec after power was applied 
rose from the pedestal and thereafter were in con- 
tact only with argon. Depending on the melting 
point, resistivity etc., melting took place within 
3 to 20 sec thereafter. 

Three techniques were used for making alloys. 
If the two pieces of metal to be melted together 
were about the same size (1 to 3 g each) then they 
would levitate together and mix when melted. If 
one piece was too small, it could be placed in the 
mold located below the coil to receive the melt, 
and the larger piece levitation-melted and dropped 
onto it. Usually, the two pieces would adhere and, 
if no spattering occurred, were then levitated as 
one piece and remelted. Alternatively, a small 
magnetically operated hopper was installed under- 
neath the bell jar which surrounded the apparatus, 
so that while one piece was floating in the molten 
state, the other could be dropped onto it. 

Experience showed that thorough mixing usually 
takes place in less than 10 sec after complete 
melting. ‘The sample was kept molten a sufficient 
length of time for mixing to occur and was then 
dropped into a massive copper mold. The rapid 
solidification completely suppressed the tendency 
for contamination by the mold. Spectroscopic 
examination of samples handled in this way showed 
no increase in their copper content. 

The temperature of the melt usually approached 
2000°C and for this reason considerable difficulty 
preparing the samarium 


was experienced in 
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(b.p.~1900°C) compounds. The samples con- 
taining manganese seemed to require higher than 
usual temperatures; consequently preparation of 
the Sm—Mn series was not attempted. 

No attempt was made to determine the compo- 
sition of samples by analysis. When no spattering 
occurred, the weight of the alloy, except in the Sm 
alloys, was observed to agree with that of the com- 
ponents used within a few tenths of one per cent. 
Due to the volatility of Sm referred to above, an 
excess of this metal was used when preparing some 
of the Sm alloys. 

X-ray diffraction patterns of the samples were 
obtained in all instances so that one might judge 
whether or not chemical union had occurred. The 
magnetic analyses to be reported later provided 
an additional analytical method by which chemical 


union was confirmed. 


(c) X-ray analysis 

Diffraction were obtained using a 
GE XRD-3 diffractometer, 
linear response. Molybdenum Kz 
(\ = 0-70926 A) was used throughout. The usual 
procedure was to crack or powder the sample by 


placing it between two hardened steel anvils and 


patterns 
modified to give a 


radiation 


hitting the upper with a hammer. ‘The sample was 
then ground when necessary in a diamonite mortar 
under argon. The powder was sprinkled onto 
cellophane tape and supported in an aluminum 
frame in the X-ray beam. The diffraction pattern 
was usually determined over a range extending 
from 8° to 40° of 28. 
3. RESULTS 

The findings for alloys having compositions 
corresponding to the formulas ABs and ABs are 
given in Table 2. In six instances, marked “N’’, 
the diffraction pattern showed only lines character- 
istic of the elemental components. It is clear that 
the present technique did not lead to compound 
formation in these cases. In three additional cases 

LaCoo, LaCos, and LaNis 
to be clarified. Patterns for the first two show lines 
for La and Co and additional lines which have not 
as yet been interpreted. The compounds LaCog 
and LaCos may or may not have been formed. As 
for LaNis, VoGEL and FULLING®) claim that it 
possesses the MgCug structure. ‘Two LaNig sam- 
ples were prepared and neither showed a diffraction 


the situation is yet 
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pattern bearing any resemblance to that expected 
for the MgCup structure. The pattern has not yet 
been interpreted so the existence of LaNie in the 
samples prepared is neither excluded nor estab- 
lished. 

The remaining twenty-two ABs compounds all 
have the MgCup structure* with lattice parameters 
as given in the Table. The AB; compounds divide 


Refs. (6) 


a discussion of this structure see 


CHERRY 


and W. E. WALLACE 


into two groups—one, consisting of those com- 
pounds in which B is Mn and the other comprising 
the rest of the compounds. Indexing of the diffrac- 
tion patterns for the first group shows that they 
are orthorhombic structures. The arrangement of 
matter within the unit cell has not as yet been 
worked out for these substances. 

The other nineteen compounds all exhibited the 
CaCus structure.t This conclusion for CeFes is 


+ For a discussion of this structure see Ref. (19) 


Table 2. Summary of data for alloys corresponding to the formulas AB, and ABs 


CeMnoa(N) 


DyMne HoMne 


GdMnge 





GdFeet 


7°40 





GdCoz HoCog 


vas 





GdNie HoNie 


7-20 


“3 





aaMns(N CeMn;(N ) 


HoMns 


DyMns 


7°18 7710 
4-40 4°36 
3-11 3-09 





Sm Fes? 


Dy Fest HoFes* 


4-90 
4-10 


4°86 
4-10 





DyCos HoCos 


4-88 


3-96 


4°89 
4-00 





DyNis HoNis 


4-88 


3-99 


4-88 


3-96 


* The numbers give the length edge of the unit cell in angstroms for the ABz compounds. For the ABz com- 


pounds values for the a and c spacings in angstroms are given by the upper and lower numbers, respectively. 


+ Compounds obtained only in a mixture of phases containing ABz and ABs compounds, plus one of the elements. 


For example, the DyFe2 sample shows lines for the compounds DyFez and DyFes plus lines for Dy whereas the 


DyFes samples has lines characteristic of DyFes and DyFe2 (as compounds) and also of Fe 
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somewhat at variance with the findings of JEPSON 
and Duwez). Their diffraction pattern for CeFes 
(prepared by arc melting) showed 7 lines which 
would not have been present if CeFes has the 
CaCus structure. In the present work these ex- 
traneous lines did not appear and there was 
nothing in the diffraction pattern to render doubt- 
ful the conclusion that CeFes is isotypic with 
CaCus. Perhaps the difference between the present 
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pattern indicates merely a mixture of the com- 
ponent elements. In the other cases the diffraction 
pattern shows that the starting materials have been 
transformed but the diffraction patterns have not 
been interpreted so that one cannot ascertain 
whether or not compound formation has occurred. 
In addition, compositions of the stoichiometry 
CeNiz and CeNiy were also prepared. Both 
appeared to have diffraction lines of CeNis and 


Table 3. Comparison of lattice parameters 


Previously determined 
parameters (A) 


a 


LaNie E 7°262 
302 


CeFee2 

CeCoz2 7°159 

CeNie 7:204, 7:192 

GdFee2 4 
75 
i 


GdMne 
PrNie 


/ 
/ 
/ 


‘205 


4-962 
4-900 
4-955 
4-874 
4-91 

4948 


LaNis 
CeFes 
CeCos 
CeNis 
GdNis 
PrNis 


results and those of JEPSON and Duwez is due to 
the difference in method of preparation. 

In Table 3 all lattice parameters appearing in the 
literature are listed and present values are included 
for comparison. It should be noted that there is 
some variation of lattice parameter with com- 
position. Thus for GdFeg the parameter changes 
from 7-40 A to 7-24 A in the mixed phases of com- 
positions GdFeg and GdFes, respectively. 

Since their work had not yet appeared in print 
at the time of this writing, values obtained by 
WERNICK and GELLER®!) have been omitted from 
Table 3. It can be said, however, that the lattice 
parameters observed in this Laboratory are gener- 
ally in fairly good agreement with their results, in 
those instances in which there was duplication. 

In Table 4 are summarized the results of obser- 
vations on the AB and AB alloys. In slightly over 
half of the cases (marked “N”’) the diffraction 


Parameters obtained 
in this study (A) 


NSInInNI wo 


4-008 
4-136 
4-055 
4-004 
3-99 

3°973 


CeNig only, but the existence of these compounds 


cannot be ruled out. 


4. DISCUSSION OF RESULTS 

The phase diagrams published by VoGet et al., 
indicated that the ABs and AB; compounds were 
usually formed Rapid chilling 
through the peritectic region is therefore essential 
if lengthy and perhaps fruitless annealing is to be 
avoided. It is estimated that with the technique 
employed in this study the samples cooled to below 
500° in less than 5 sec on being dropped into the 


peritectically. 


mold. It is perhaps this feature of the technique 
that resulted in the comparatively high percentage 
Table 2 


showed that only in the case of some of the iron 


of single phase samples. The data in 


alloys were mixed phases observed in the ABs and 
ABs samples. An attempt was made to convert 
CeFe; into a single phase material by heat treating 
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Table 4. Results of the 


eMn(N) 
eFe(N) 
eCo(N) 
eNi*(?) 


SmFe(N) 


SmNi(?) 


lloys marked (N) the diffraction pattern indicates 


For 
pattern has not yet been 


with the asterisk have been reported previously to exist as 


and arrests in cooling curve 


at 700°C for 18 hr but this was unsuccessful as 


judged from the diffraction pattern. 


j 


When the original series involving Fe, Co and 


Ni was extended to include Mn and compound 
formation was achieved, it was decided to proceed 
to lower members of the First Long Period and 
include Cr and lower metals in the study. Attempts 
were made to prepare GdCrz, GdCr5, DyCro, 
DyCrs, HoCres and HoCrs. In all cases the diffrac- 
tion pattern of the alloy showed only the lines of 
the elements, indicating that in no case was the 
compound formed. Similar observations have been 


between 


the manganese, 


made in systems 
chromium and titanium on the one hand, and 
lanthanum and cerium on the other. 18-16) This 
and the structural change in the AMns group 
suggest that the lower limit of the series comes at 
at Mn, and no attempts were made with V or lower 
metals. Among the lanthanons the data indicate 
that the series extends down to, but only partially 
includes lanthanum. 

Elucidation of the factors responsible for ter- 
mination of the series at Mn and at La is of con- 
siderable interest. At present it is not clear why 
Oe fF 
and ABs-type compounds. 
sufficient electrons to enable these structures to 


etc., cannot be incorporated into the ABo- 
Perhaps they lack 


form. The situation with respect to La is somewhat 
clearer. Both the MgCug and the CaCus structures 
are characterized by having a large coordination 
number 
atom. This suggests that appropriate relative sizes 


an average of 134 nearest neighbors per 


of the component atoms, producing a large number 
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that the compound does not exist 


interpreted and it is not known whether or not the compound exists. 
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and 


examination of alloys having formulas AB and A3B for possible compound formation 


GdMn(?) 
GdFe(N) 
GdCol N) 
GdNi(?) 


DyMn(N) 
DyFe(N) 
DyCo(N) 
DyNi(?) 


HoFe(N) 
HoCo(N) 
HoNi(?) 


Gd3Mn(?) 
GdgFe(N) 
GdsCo(N) 
Gd3Ni(?) 


Dy 3Mn( N) 
Dyz3Fe(N) 
DvysCo(?) 
Dy3Ni(?) 


HozFe(N) 
HosCo( ?) 
Hos3Ni(?) 


In cases marked (?) the 
The alloys marked 


compounds on the basis of metallographic examination 


of nearest neighbor contacts, may be the con- 
trolling factor in the formation of the ABs and ABs 
compounds. As one proceeds to the lower lan- 
thanons, the size of the lanthanon increases and 
perhaps exceeds the permissible value for compound 
formation when La is reached. However, as was 
pointed out in an earlier section, the electron con- 
centration is also involved in the stability of at least 
the MgCup-type structures. La is, of course, with- 
out 4f electrons and it might be this lack which 
has impaired its compound forming ability. The 
formation of the compounds with Y, which lacks 


f electrons but is between Gd and Dy in size, 


indicates that of these two alternatives it is the 
size rather than a partially filled f shell which is the 
predominant factor. 

The general trend of existence of compounds 
with respect to transition metal variation appears 
to follow the tendencies recognized by IvANov“?), 
Increasing numbers of intermetallic compounds 
are observed as the distance apart of the groups in 
the periodic table increases, and the stability, as 
reflected by the decomposition temperature, also 
increases. ‘There is less variation with respect to 
changes in the lanthanon component. As has been 
pointed out above, lanthanum shows little tendency 
to form intermetallic compounds; cerium, however, 
shows only slightly less tendency than the higher 
lanthanons. 

Radius ratios (R4/Rp) among the ABs com- 
pounds range from 1-39 for HoCog to 1:59 for 
GdMng, and accordingly the lanthanon diameter 
is expected to be the controlling factor for the 





INTERMETALLIC COMPOUNDS BETWEEN LANTHANONS AND TRANSITION METALS—I 129 


lattice parameters of ABz compounds, since com- 
plete contact corresponds to a ratio of 1-225. This 
is confirmed by the calculated B-B distances, 
which range from 2-52 A for HoNig to 2-76 A for 
GdMnp and are larger than the transition metal 
diameters in all cases. From samarium to holmium, 
the AB compounds show the expected lanthanide 
contraction of the lattice parameter. Furthermore, 
the lattice parameters of YCoz and YMng fall be- 


tween the values for the Gd and Dy members of 


their respective series as anticipated on the basis 
of the free metal atomic diameter. This is not the 
case for YFe2 and YNig, the parameters in both 
instances being too small to fit in the sequence as 
expected. The cerium ABz compounds also have 
lattice parameters which are less than anticipated. 
This may be due to the interchange of electrons 
between the 4f and 5d shells, which is known to 
be brought about in elemental cerium as a result 
of changes of temperature and pressure. 

It is interesting to note that the A—A distances 
calculated from the lattice parameters of the ABe 
compounds range from 3-08 A for HoNizg to 
3-35 A for GdMng, indicating more compact pack- 
ing than in the free lanthanon metals. It is likely 
that electron transfer from the lanthanon atom to 
the transition metal atoms, as postulated by 
Wucuer for LaNig 8) and as indicated by the 
magnetic properties of these substances deter- 
mined in this Laboratory, is responsible for the 
unexpectedly dense packing. The surprising fact 
that there is a decrease in the lattice parameter as 
the transition metal is varied from manganese to 
nickel is as yet unexplained. 

The variation of lattice parameters among the 
AB; manganese compounds GdMns, DyMns; and 
HoMn; shows the lanthanide contraction, from 
which it may be concluded that here also the lan- 
thanon diameter is the controlling factor. The re- 
maining AB; compounds show almost no variation 
of lattice parameter. In these compounds the size 
of the unit cell is controlled by the transition metal 
atoms,“ and since iron, cobalt and nickel have 
essentially the same interatomic distances in the 
free metal (2:48 A, 2:51 A and 2-49 A respectively) 
this similarity in lattice parameter was to be 


expected. Transition metal interatomic distances 
calculated from the lattice parameters range from 
2°45 Ato 2°50 A. 

A consideration of the electron-to-atom ratio 


(E/A) test usually applied to the Laves 
phases: 6, 20) is of some interest in the case of the 
ABz compounds. It is fairly obvious that the 
valence to be used for the lanthanons is three; in 
the case of the transition metals the Hume-Rothery 
value of zero or, with ELLiotr@®, values ranging 
from 0-25 for nickel to 1-35 for manganese may be 
used. In the first case the £/A ratio remains con- 
stant at 1-0 for all the ABz compounds observed. 
In the latter case, the £/A ratio varies from 1-90 
for the manganese compounds to 1-17 for the 
nickel compounds. Neither of these is consistent 
with the range 1-33 to 1-8 considered permissible 
by Ettiott for the MgCug structure. The signifi- 
cance of such numbers, which are questionable in 
even the most favorable cases involving transition 
metals, is such that they are of interest only in the 
very early stages of investigation of compounds 
having the complexity of those discussed in this 
paper. It is obvious that a much more sophisticated 
approach is required if one is to assess and evaluate 
the importance of electronic factors in these com- 


pounds. 
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Abstract— Mag netizations were determined at various temperatures for a series of substances repre- 
sented by the type formula ACos, in which A is either Ce, Sm, Gd, Dy, Ho, Y or a mixture of Gd 
and Y. The purpose of the study was to ascertain whether the atomic moments are aligned, at 
sufficiently low temperatures, and if so to elucidate as far as possible the nature of the alignment. 
The magnetization—temperature curves for YCo5 and SmCos5 indicate them to be normal ferro- 
magnetic compounds at least down to 80°K, with Curie points at 975 and 1015°K, respectively. 
Their saturation magnetic moments indicate that the cobalt moments are aligned ferromagnetically. 
The curves for the other compounds show well defined Curie temperatures ranging from 685 to 
1125°K but are unusual in that below a certain temperature, ranging up to 575°K, magnetization 
shows an anomalous fall with diminishing temperature. Analysis of these results and the observed 
saturation magnetizations show that the moments are aligned, but not ferromagnetically. The com- 
pounds appear to be ferrimagnetic. A discussion of the possible modes of alignment is presented. 

Thermomagnetic analysis shows that in most instances the compounds decompose when heated 
to the point at which the alignment of the atomic moments is destroyed. 


INTRODUCTION the moments at low temperatures. Some of the 


IN THE first paper of this series, hereafter referred 
to as I, evidence for the existence and structural 
data for a large number of compounds between the 
lanthanons and transition metals of the First Long 
Period were presented. Since in these compounds 
both components possess large atomic moments, 
one expects the compounds to exhibit rather inter- 
esting magnetic behavior. When the present study 
was initiated, there had been only a few scattered 
attempts to investigate the magnetic properties of 
this class of compounds®: 3: 4) and the results of 
these upon re-examination proved to be in part 
untrustworthy. At that time it was not clear 
whether exchange effects were sufficient to align 


* Based in part on the thesis presented in partial ful- 
filment of the requirements for the degree of Doctor of 
Philosophy at the University of Pittsburgh by K. 
Nassau, August, 1959. 

+ The authors wish to thank the Davison Chemical 
Division of W. R. Grace and Co. for the support of this 


work. 


compounds were reputedly ferromagnetic but the 
evidence was fragmentary to the point of being 
really inconclusive. The objective of the present 
work is to establish whether magnetic ordering 
occurs in these compounds, and if so, to attempt 
an elucidation of its nature—that is, to try to ascer- 
tain whether it is ferromagnetic or antiferromag- 
netic in character, whether it involves one or the 
other or both of the two chemical species, etc. 
The present work is the beginning of a series of 
studies which it is hoped will eventually result in 
some Clarification of these matters. 

In this paper are presented the results of a study 
of the magnetic properties of an iso-structural 
series of cobalt compounds represented by the 
type formula ACos. ‘The series is composed of the 
six compounds in which A is Ce, Sm, Gd, Dy, 
Ho or Y and in addition, two ternary alloys possess- 
ing the same. structure—Gdpo.g3Yo.17Co5 and 
Gdpo.61 Yo.39Cos. The results, as will be indicated in 


detail below, show that alignment occurs in all 
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eight samples even at room temperature, and, 


furthermore, that some type of antiferromagnetic 
coupling exists between the various atomic moments 


in the majority of cases. NESBITT, WERNICK and 


CorENzwiTt®) have recently published results of 


a study dealing with the Gd poor region of the 
Gd/Fe and Gd/Co systems. GdCo; is included in 
their study and antiparallel alignment is also in- 
The the 


evidence for the existence of this type of coupling 


ferred. present paper supplements 
in GdCos by providing quantitative results and in 


addition shows that a similar situation obtains in 


APERA 


1. Results of 

ws alongside the 
temperature. 

cycling below A At hig 


tly be gin 
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Results are 
her temperature decomposition of the sample 
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an d 


electronically stabilized motor-generator _ set. 
Saturation moments were obtained as usual by 
determining the specific magnetizations, oc, at 
various field strengths up to 22,800 oersteds and 
1/H 
plot. The field strength was measured with a 
Dyna-Empire D-79 Gaussmeter and appropriate 
corrections for demagnetization effects and image 


extrapolating to infinite field using a o vs. 


poles were made. 
For the thermomagnetic analyses the sample 
was contained in a platinum cup which was placed 


inside a quartz tube under an atmosphere of argon. 


K 


DyCos at 1910 Oe. 
whether data were taken with 


inde pende nt of thermal 


On cooling after heating to 1450°K points lie along 


the upper curve. 


CeCos, DyCos, and HoCos, but not in SmCos and 
Y( Os, at least at 


Discussions of some possible modes of alignment 


temperatures exceeding 80°K. 


of the moments implied by the results is also pre- 


sented 


EXPERIMENTAL 
The materials used and mode of preparation of 


| 


the samples employed in this study have been re- 


ported in ] 

The magnetic measurements were made using 
the method of Faraday. ‘The field was provided 
by a Varian 6-inch electromagnet with Sucksmith 
type pieces, which was powered by an 


pole 


This assembly hung from one arm of an analytical 
balance with the sample located at the position at 
which the field gradient was maximal. Data were 
obtained at a field strength of 1910 oersteds and 
the temperature range which could be covered 
extended from room temperature to about 1400°K. 
A single measurement at about the liquid nitrogen 
point was also made and taken as applying 
to S80O°K. 


a platinum, 


Temperatures were measured with 


platinum-rhodium thermocouple 


located in the sample. The reliability of the 


estimated to be + 3 for 
Curie points and + 2 


measurements is 


per cent for magnetic 


moments. 
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Curie points were located by the usual o? vs. 
T extrapolation. 


RESULTS AND DISCUSSION 

Results of thermomagnetic analyses at 1910 
oersteds of DyCos, GdCos, YCos and tenary alloys 
are shown in Figs. 1, 2 and 3. Curves for the 
other compounds are not shown since the results 
for CeCos and HoCo; are similar except for details 
to those obtained for DyCos and GdCos, and the 
curve for SmCos closely resembles that for YCos5 
over the temperature interval covered. 


iS 
RK 
W 
> 
g 
2 


Fic. 2. 
The 


arrows have the same meaning as in Fig. 1. 


et al., for GdCos5 is qualitatively similar to the 
present curve for GdCos5, shown in Fig. 2. Thus 
on the basis of the thermomagnetic analyses the 
six compounds divide naturally into two groups 
the first composed of YCos and SmCos and the 
second containing the remaining compounds. The 
difference in magnetic behavior of these two groups 
is such as to make it appropriate to discuss them 
separately. 

Considering the compounds of the first group, 
it is found that the room temperature saturation 
moment per ACos unit is 7-5ug and 7-6u, for 


K 


Results of thermomagnetic analysis of GdCos at 1910 Oe. 


Data taken in the 


first set of measurements (Series 1) are plotted in the lower curve. 
This series was for a virgin sample. Results are independent of thermal 
history to about point A, above which decomposition apparently 
begins. After completion of Series I the data shown on the filled 
circles were obtained. Above B in this sequence of measurements 
(Series II) results depend on thermal history. The data in Series III, 
plotted as the upper curve in the diagram, were obtained after the 


sample had cooled to room temperature upon completion of Series II. 


The curves for the latter two compounds are 
characteristic of typical ferromagnetic materials. 
This together with the observed values of their 
saturation magnetic moments (vide infra) indicates 
that YCos and SmCos are normal ferromagnetic 
substances. The plots of magnetic moment vs. 
temperature for the other compounds show a 


sharp drop in magnetization in a narrow interval 


of temperature indicative of the destruction of 


some’ type of spontaneous magnetic alignment. 
There is in addition, as is seen in Figs. 1 and 2, 


an anomalous fall in magnetic moment at lower 


temperatures. The curve obtained by NEsBIT1 


SmCo; and YCos5, respectively. In thesecompounds 
the moment has been reduced from the 8-6yuz 
expected for five ferromagnetically aligned cobalt 
atoms by about 0-2uz per cobalt atom. Now as 
will be indicated below, the evidence shows that 
in the second group of ACos; compounds there is 
some type of antiferromagnetic alignment of the 
moments. From this one might initially surmise 
that with YCos there is a counter alignment of the 
yttrium and cobalt moments and that it is this 
which diminishes the effective cobalt moment by 
about 10 per cent. However, this seems implausible 
in view of the very small yttrium moment. The 
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reduction probably results instead from a transfer* 
of about one electron, or less, from yttrium to the 
five cobalts. Since such a transfer does not seem 
unreasonable, the situation with YCos seems 
rather straightforward.+ 

This is by no means the case with SmCos. Since 


samarium has a moment, the very fact that its 


magnetization—temperature curve resembles that of 


YCos; rather than those of GdCos, DyCos, etc., is 
in itself surprising. About all that can be said is 


MOMEN 


SNE TIC 


VAC 


MA. 


Fic. 3. 
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dependence of magnetizations for these com- 
pounds. The curve for DyCos (lower curve of Fig. 
1) shows a well defined Curie point, designated as 
6, at 1125°K. The anomalous decrease in mag- 
netization with falling temperature sets in at about 
380°K, producing a fairly sharp knee in the curve. 
Below the temperature of the knee, denoted by 62, 
the magnetization diminishes approximately 
linearly with temperature. These three features 
the Curie point, the more or less sharp knee and 


, 5 Bean 
3dos6 ‘039 Pao —O0oG 


Results of thermomagnetic analysis of two ternary 


alloys, Gdo.s3Yo.17 Cos and Gdo.¢61 Yo.s9Cos showing sup- 


pression of the anomalous 


region, 1n 


which the moment 


increases with increasing temperature, when Gd in GdCos is 

replaced by Y. Results for GdCos and YCo35 are also included. 

Data were taken in all cases with rising temperature and at a 
field strength of 1910 Oe. 


that the magnetic properties of samarium com- 


pounds are usually anomalous, due to the closeness 
of spacing of its multiplet structure. Hence the 
atypical behavior of SmCoz; is not altogether un- 


expected. Perhaps the special character of its 
multiplet structure affects the tendency for align- 
ment of the Sm moments in this compound. 

With regard to the second group of compounds, 
the results for DyCos are typical and hence are 
used to initiate discussion of the temperature 

* A similar transfer was postulated by WucuHEr'?) to 
explain the magnetic behavior of LaNio. 

+ Angular alignment of two cobalt sub-lattices, of the 
type to be discussed below cannot however be ruled out 


entirely 


the linear region below the knee are common to all 
the second group of ACos compounds examined 
in this study. 

Values for #; and 62 together with room tempera- 
ture magnetic moments at 22,800 Oe and at satura- 
tion, denoted as » and ps, respectively, are listed 
in Table 1. Also listed are magnetic moments 
measured at 80°K and at 10,050 Oe and approxi- 
mate values for the saturation moments at 02 and 
at 0°K, given as p’, 4m and po, respectively. ws was 
determined as indicated above by the customary 
extrapolation to infinite field using a o vs. 1/H 
plot. Unfortunately jz», and jo coud not be evalu- 
ated in this way since sufficiently high field 
strengths could not be obtained when the magnet 
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61(°K) 62(°K) 


300 





687 80, 
1015 
1030 


CeCos 
SmCos5 
GdCos 
DyCos 1125 
HoCos 1025 
YCos 975 
Gdo.s3Yo.17Cos5 1037 
Gdo.61Y0.39Co5 995 


* All p’s are in Bohr magnetons per ACos unit. 


Table 1, Magnetic characteristics* of ACos alloys 


— 
3 


WN IW Wd ss 


wand p, are the magnetic moments at 22,800 Oe and at saturation, respectively, at room temperature. um and 
fo are estimated values of the saturation moments at 62 and 0°K, respectively. uo values are rather uncertain because 
of lack of data below 80°K. yp’ is the magnetic moment at 80°K measured at 10,050 Oe. 


+ Not observed in the temperature range covered. 


gap was widened to accomodate a furnace or 
Dewar. As these quantities are of considerable 
interest, it seems appropriate to attempt an esti- 
mate of them from the thermomagnetic analysis 
data. This was done in the following way. A 
“scaling up’’ factor was computed at room tem- 
perature from the known saturation moment and 
the moment measured at 1910 Oe. Then by assum- 
ing this factor to be temperature independent, 
values for the saturation moment at other tempera- 
tures were computed. The assumption* of con- 
stancy of the scaling up factor introduces some 
error into pm and po. The po values contain 
additional uncertainty since they were obtained 
by extrapolation to 0°K on the basis of a single 


* The scaling up factor is, of course, somewhat de- 
pendent on temperature since it is well known that 
saturation is in general more easily achieved at higher 
temperatures. If the sample is nearly saturated at the 
field strengths from which the scaling up is done, the 
error introduced by assuming the approach to saturation 
to be the same at all temperatures would be slight. Un- 
fortunately at 1910 Oe the compounds are on the average 
only about 65 per cent saturated; hence, it appears that 
the scaling up might entail appreciable error. That the 
error introduced probably does not exceed 0:2 to O-3uz 
can be shown as follows: At 80°K data were available 
(z’ in Table 1) for a field strength of 10,050 Oe, at which 
saturation is 95 per cent complete at room temperaturé« 
Scaling up from 10,050 Oe should give therefore rea- 
sonably reliable values. Saturation moments computed 
at 80°K by scaling up from the »’ values were found to 
agree with those obtained from the moments measured 
at 1910 Oe within 0:2 we. 


piece of datum at 80°K. Tabulated with data for 
the six compounds are results for the two ternary 
alloys included in the study. 

The curves in Figs. 1-3 and the corresponding 
data for CeCos and HoCos present a number of 
unusual and puzzling features. A complete under- 
standing of the phenomena occuring as tempera- 
ture changes, particularly the alterations in align- 
ment at @; and 69, is not yet at hand. Several 
general conclusions can be reached, however: (1) 
Some type of magnetic ordering exists below 41; 
(2) the character of the alignment changes at 62; 
(3) the resultant moments of the cobalts and the 
lanthanons are either aligned in opposition or, 
as was suggested by Yaret and Kirre_” for certain 
ferrites several years ago, they are aligned so that 
there is an angle («) between their moments, with 
180 4 > 90°. Either these ACos5 com- 
pounds would be classed as ferrimagnetic materials. 


Way 


The first two conclusions are obvious from in- 
spection of the magnetization-temperature curves. 
Support for the third conclusion derives from (a) 
the observed magnitude of the moments and (b) 
the variation of the moment when Gd in GdCos 
is partially replaced by Y. The moments at ‘T= 62 
(see zm in Table 1) are 5-1, 3-9, 4-3 and 4-5, for 
CeCos, GdCos5, DyCos and HoCos, respectively. 
These moments are much smaller than the values 
expected if all atomic moments were aligned 
ferromagnetically. They are also well below 
8-6up, the value for elemental cobalt, or 7-7z, the 
value for YCos, in which cobalt exists in similar 
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chemical union but combined with a virtually 
non-magnetic substance. Below 62 a further re- 
duction in moment to about 1-lug per ACos unit 


at 80°K takes place in HoCos and DyCos. These 


data clearly indicate the existence of some type of 


counter alignment of moments in these compounds. 
Further evidence is provided by data obtained for 
the ternary alloys in which some of the gadolinium 
in GdCos was replaced by yttrium. The results 


given in Table 1 and Fig. 3 show a general rise in 


CHERRY 
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lattices involving the A sites. In the case of Co, «and 
8 need not necessarily refer to Coy and Coyy. 
The first of the possibilities in Table 2 is attrac- 
tive because of its simplicity and is in fact the only 
one considered by NessiTT ef al., but must be dis- 
counted in the light of the results available. The 
moments at temperatures exceeding 62 are too 
small to permit this possibility. For example, the 
value of um for GdCos is 3-94. To account for 
this value instead of the expected 8-6u, one must 


Table 2. Possible alignment of moments in ACos compounds 


random, all Co’s f. 


All A’s 


2 Co,’s f and all \’s f, 


Resultants af. Co,,’s random 


All Co’s f and all A’s f, 
Resultants ang. 

Co,’s f and Cog’s f, Result- 
ants ang. All A’s at random. 


’s f, Result- 
Co,’s 


tor 7 


ants ang. same 
and Co "Ss 
Resultants of A’s and Co’s 


coupled ang 


moment with Y content at all temperatures, which 
is as expected if the gadoliniums are counter- 
aligned to the cobalts and are being diluted with 
a non-magnetic component. 

If the matter is pursued further in an attempt to 
deduce the details of the alignments above and 
below 6, serious difficulties are encountered. The 
cobalts in ACos are not all structurally equivalent. 
In the unit cell there are three cobalts of one type 
and two of another, which may be called Coy and 
Coy; respectively.) Thus one has three types of 
magnetically active carriers, which gives rise to a 
large number of alignment possibilities. Several 
of these are listed in Table 2, in which f and af 
refer to ferromagnetic and anti-ferromagnetic 
coupling, respectively and ang. refers to moments 
which are coupled at angles other than 0 or 180°. 
The lanthanon is designated A as before. Division 
of one group of sites into sub-lattices is denoted 
by «and f, e.g. A, and Ay, indicating the two sub- 


All A’s f and all Co’s f, 

Resultants af. 

Co,,’s af to resultant moment for 
material at 6; > T'> 6. 

Same as for 6; > T 
increases as JT is reduced 

Co’s same as for 6; >T >62 and A,’s 
f and Ag’s f, Resultants ang., 
angles changing with tempera- 


Ho except angle 


ture. 
Same as for 6 i 


angles change with 


$2 except that 
one or more 
temperature. 


postulate the unreasonably large transfer of 4-7 
electrons from the lanthanon to its cobalt neigh- 
bors. Furthermore, neither the magnitude of the 
reduction in moment for the several compounds 
upon reducing the temperature below 62 nor the 
effect of replacing Gd with Y in GdCos for T' < 6 
is consistent with this type of alignment. 

The second and third possibilities appear to be 
more plausible in respect to the moments for 
A> T 
with the trend of the moments of DyCos and HoCos 
at low temperatures. If one extrapolates the curve 
to 0°K, one obtains 0-1g per ACos unit 


- 0. However, neither of these is consistent 


linearly 


* It should be observed that this extrapolation besides 


being rather approximate from an experimental point of 
view is inadmissible theoretically.{9) Because of the 
Third Law of Thermodynamics the curve must approach 
0°K with a zero slope. This, however, does not vitiate 
the argument being presented since the moments at 
80°K (1-18) are already lower than would be permitted 
by the second and third possibilities. 
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for each of these compounds. Unless the lanthanon 
moments are substantially different in these com- 
pounds than in the elements, which seems un- 
likely, the minimal expected moment is about 2. 

The only way in which one can obtain moments 
as low as those observed for DyCos and HoCos; 
at low temperatures is by an arrangement which 
involves either anti-ferromagnetic coupling or 
angular coupling of the lanthanons. This case is 
represented by the fourth and fifth possibilities in 
Table 2. It is clear that with three magnetic entities 
present and the possibility of dividing each of the 
groups of sites into sub-lattices there are a large 
number of possible ways of aligning the moments. 
If, following Yaret and Kitrev), angular coup- 
ling is also involved, the situation acquires a degree 
of complexity such that it is highly unlikely that 
an unambiguous description of the details of the 
magnetic ordering in these compounds will be de- 
veloped solely on the basis of magnetic measure- 
ments. It appears that some type of independent 
evidence, e.g. neutron diffraction data, will be re- 
quired if a unique description is to be achieved. 

Returning now to Fig. 1 no mention has been 
made to this point of the upper curve in the dia- 
gram. The rise in magnetization with increasing 
temperatures above about 1200°K and the enhanced 
moment of the sample on cooling toward room 
temperature are interpreted as resulting from the 
decomposition of the compound into its component 
elements. Similar behavior was observed for GdCos5 
(see Fig. 2), HoCos and SmCos at temperatures 
above their Curie points. YCos and CeCos showed 
no signs of decomposition up to the highest tem- 
peratures at which they have been studied, namely 
1150 and 800°K respectively. 

That decomposition was occurring was deduced 
from the appearance of the cobalt Curie point near 
1400°K and from the fact that in some cases, in 
which decomposition was essentially complete, 
the measured moment at room temperature agreed 
within the experimental error with that calculated 
for a simple mixture of the component elements. 
The decomposition was also confirmed in some 
cases by diffraction patterns of the samples after 
conclusion of the thermomagnetic analysis. 

In the case of GdCos an additional Curie point 
appeared at approximately 1200°K. This became 


smaller on successive heating cycles, these being 
indicated by letters and arrows in Fig. 2. This 
Curie point probably belongs to some intermediate 
phase which is formed during decomposition, 
possibly GdCo,4 or GdCog by anology with phases 
postulated in the Ce/Co system, but appears to 
decompose on continued heating. Here again a final 
decomposition product is free cobalt with a Curie 
point close to 1400°K. 

The onset of decomposition in this series of com- 
pounds occurs so often at temperatures just above 
the Curie points as to suggest that the chemical 
stability, or chemical bonding, and magnetic 
alignment are inter-related. Such an inter-relation- 
ship if confirmed by further studies, is not at all 
unexpected. In fact one might anticipate this, since 
bonding and magnetic order both depend on the 
directional extension in space of the electron 
clouds of the component atoms. 


Note added in proof: Recent studies have shown that 
the different TMA results obtained on heating and cool- 
ing (see Figs. 1 and 2) are not due to decomposition but 
instead to oxidation, presumably by gases which at low 
temperatures were adsorbed on the sample container 
walls. When the container is carefully degassed before 
admitting the sample, identical results are obtained on 
heating and cooling. Under these circumstances the data 
obtained both on heating and cooling are in line with 
those represented by the lowest curve in Figs. 1 and 2. 

In the recent work it has also been found that the TMA 
results for CeCos resemble those for YCos. It is not 
entirely clear why the newer results differ from those ob- 
tained earlier. Perhaps the difference in this instance also 


is a consequence of oxidation. 
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Abstract 


The range of solid solution at the InSb end of the InSb—InezTe3 alloy system has been 


determined by X-ray methods to be about 15 mol per cent IngTes3, and the electrical and optical 
properties of the alloys in this range have been investigated. It is found from the electrical measure- 
ments of Hall effect and conductivity that for small percentages of Ine'T’es (approximately less than 
0-05 mol per cent) the added tellurium atoms act as donors in the InSb giving carrier densities of 
approximately 102% cm®. At higher percentages of In2Te3 this number of carriers is still present but 
the rest of the IngTes alloys with the InSb giving vacancies on the indium sublattice. These results 
are confirmed by the infra-red transmission measurements. It is found that in the composition range 


where the alloying effect predominates the Hall mobility is proportional to N7! 


fraction of sites vacant on the indium sublattice. 


INTRODUCTION 
CONSIDERABLE work has been carried out to deter- 
mine the available composition range of semi- 
conductor alloys produced by solid solution be- 
tween two semiconducting compounds each hav- 
ing the zinc blende structure.“:*3.4.5) More re- 
cently measurements have been made by various 
workers to determine the variation of semiconduc- 
tor parameters as a function of composition in 


syste ms. (1,5,6,7,8,9) 


some of the resulting alloy 
Most of the alloys investigated have been formed 
by solid solution with ABV or with AIIBV! 
compounds. It is possible however to obtain some 
solid solution of these compounds with Ao!!B3V! 
compounds such as Ino Teg. 8-19) These AotIBeV1 
compounds have a defect zinc blende structure 


with one lattice site in three on the A sub-lattice 


vacant, so that the zinc blende requirement of 


four valency electrons per lattice site is still satis- 
fied. ‘The crystallographic data indicates that when 
the Ao!!B34! compounds are alloyed with those of 
normal zinc blende structure this electron to site 
ratio is maintained, and hence the fraction of A 
sub-lattice sites vacant will depend directly on the 
composition of the alloy. ‘The electrical properties 
of the AUTBY—AslIB3V! alloys are thus of interest 


in that probably a controlled number of lattice 


3 where N is the 


vacancies can be introduced into the alloy. The 
measurements on InSb-IngTeg alloys described 
here were made to investigate this effect. 


PREPARATION OF ALLOYS 

The InSb was prepared in the normal manner 
from indium and antimony each of 99-999 per cent 
purity and was then further purified by zone re- 
fining. Hall effect measurements on samples of the 
InSb showed it to be n-type with approximately 
1016 carriers/cm?. The same indium was used in the 
preparation of the IngTes, while the tellurium used 
was commercial high purity material which had 
been purified by repeated distillation. The alloys 
required were prepared from the two compounds 
by melting together the required amounts under 
vacuum in sealed quartz tubes. These alloys were 
annealed for approximately 10 days at 500°C to 
obtain a good equilibrium condition. The ingots 
produced were of sufficient size to provide speci- 
mens for crystallographic, electrical and optical 
work from a single ingot. 

DETERMINATION OF RANGE OF SOLID 

SOLUTION 


As has been shown previously) solid solution 
does not extend throughout the whole range of 
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composition in the InSb—IngTe3 system, and it was 
necessary to determine first the range of solid solu- 
tion at the InSb end of the alloy system. X-ray 
powder photographs were taken of specimens of 
various compositions, CuK« radiation and a 9 
cm Unicam camera being used. Inspection of the 
photographs indicated that alloys containing less 
than approximately 15 mol per cent IngTe3* 
appeared to be single phase with the normal zinc 
blende structure, but alloys with larger InoTe3 
content appeared two phase. The new phase in this 
material seems to have a sodium chloride type 











Fic. 1. Variation of lattice parameter ao as a function of 
composition. 


structure not described previously. The com- 
position and other details of this phase have not as 
yet been determined. The variation of lattice para- 
meter ag with composition for the zinc blende 
phase is shown in Fig. 1. These results show that 
the limit of solid solution lies between 14 and 15 
mol per cent IngTeg. 

Although the X-ray results for this range of com- 
position have been treated as for a quasi-binary 
section, the electrical results, discussed later, show 
that this is not accurately true. It is shown that up 
to approximately 0-05 mol per cent IngTeg the 
tellurium enters InSb substitutionally and hence 
the alloys considered do not correspond exactly to 


a quasi-binary alloy between InSb and IngTeg. 


However, this deviation is considered negligible as 
far as the X-ray work is concerned. 


* In calculating mol percentage in systems composed 
of one A™'BY compound and one Ao!" B3’! compound, 
the molecules have taken as As3!BsY and 
Ao''B3*!, i.e. the percentage is strictly the percentage 
of BY and BY! atoms on the B sublattice. 


been 
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ELECTRICAL MEASUREMENTS 
The specimens used for electrical measurements 
were cut from annealed ingots and were in the form 
of rectangular blocks of dimensions 7 x 1 x 1 mm. 
and a 


Current electrodes 


thermocouple were soldered (using high purity 


copper—constantan 





carriers /cm 


of 


No 


Fic. 2. Variation of 1/Ry and logiocoRy as a function of 
time of anneal at 500°C for an alloy of composition 5 mol 
per cent IneTes3 and 95 mol per cent InSb. 


indium solder) to the ends, and potential and Hall 
voltage probes were spot welded to the specimen 
in the normal positions. Specimen currents of the 
order 60 mA were used and all voltages were mea- 
sured by means of a potentiometer accurate to 


carriers /cr 3 


all 


Fic. 3. Variation of 1/Rz as a function of 1/T for typical 
alloys. 
(i) 1 mol per cent IngTes 
(ii) 7 mol per cent IneTes 
(iii) 12 mol per cent InzTe3 


1 nV. Magnetic fields of up to 6 kOe were pro- 
vided by an electromagnet. Measurements of speci- 
men current, potential and Hall voltage were made 
at a number of temperatures between 90°K and 
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3 


4. Variation of logiooRy as a function of logioT for 
typi al alloys 


Fic 


+ mol per cent IneT* 
? mol per cent IneT¢ 
2 mol per cent InoTe 
7 mol per cent IneTe; 


Variation of 1 Ruy 


370° K, and the corresponding values of conduc- 
tivity o and Hall constant Ry determined. 

In order to check that the measurements were 
made at a reasonable equilibrium condition, pre- 
liminary measurements were made at room tem- 
perature only on specimens containing 5 mol per 


cent Ino Teg which had been annealed for various 
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lengths of time at 500°C. The variation of 1/Ry 
and oRy for these specimens as a function of time 
of anneal is shown in Fig. 2. It is seen that even at 
20 hr anneal, the shortest annealing time investi- 
gated, the value of 1/Ry (which is proportional to 
carrier density) had already reached the equili- 
brium condition, but that cRy (i.e. Hall mobility), 
which is more structure sensitive, required an- 
nealing times of greater than 50 hr before a rea- 
sonably steady value was obtained. As all speci- 
mens used in later measurements were annealed for 
10 days it was assumed that the results obtained 
were characteristic of the equilibrium condition. 
For specimens of various compositions up to 
15 mol per cent IngTes, the values of o and Ry 
were determined over a range of temperature from 
90°K to 370°K. All specimens were found to be n- 
type, and the variation of 1/Ry as a function of 
1/T and log cRy as a function of log T for various 


typical specimens is shown in Figs. 3 and 4. It is 


i function of composition. 


seen that the parameters are practically inde- 


pendent of temperature over the range of tempera- 


ture observed and so the room temperature values 
can be taken as characteristic of the particular com- 
position. These room temperature values of 1/Ry 
and log cRy are plotted as a function of composi- 
tion in Figs. 5(a), 5(b) and 6. 
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OPTICAL MEASUREMENTS 

For specimens of various compositions measure- 
ments were made of the percentage transmission as 
a function of wavelength. For this purpose sections 
cut from the ingots were ground to a parallel- 
sided plate and were polished with diamond paste, 
giving specimens of thickness in the range 50—120,. 
These were then used for normal transmission 
measurements with a converted Halle spectrometer 














Variation of log 1900Ry as a function of com- 


position. 


‘ic. 6. 


using a single beam and a calcium fluoride prism. 
The detector was a Schwartz thermocouple, the 
output from which was amplified by a Barr and 
Stroud thermocouple amplifier, the incident beam 
to the specimen being chopped at 5 c/s to give the 
necessary modulation. 

To interpret these results obtained with poly- 
crystalline specimens of unknown reflectivity, for 
each specimen a graph of logjo(/o/J) vs. A was 
plotted, where J is the incident intensity and / the 
corresponding transmitted intensity. Results for 
typical specimens are shown in Fig. 7, where the 
results of five compositions, including one just 
inside the two-phase field, are shown for com- 
parison. As indicated previously@® an arbitrary 
choice of definition of Az, the absorption edge, was 
made by assuming that 


fy Io 


= logio0 
E ~ fp 2:30: 


3002 
logio 


where the subscript E indicates values at the 
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Fic. 7. Variation of logio(Jo/J) as a function of wave- 
length for transmission measurements on typical alloys. 


Composition Thickness 
(Mol per cent (1) 
Ing Tes) 


SweuwvuwM 


l 


7 
l 
5 
] 


wavelength Ag, the subscript B the background 
values and ¢ is the thickness of the specimen in cm. 
This corresponds to a change in absorption coefhi- 
cient between background and Ag of 300 cm~!. 
Using this relation Ag and the corresponding value 


of energy gap Ey were determined for each specimen 


Fic. 8. Variation of observed optical energy gap Fy as a 
function of composition. 
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and the variation of Ey, with composition is shown 
in Fig. 8. 


DISCUSSION OF RESULTS 
It is seen from Fig. 5 that although the InSb 
itself had only some 10!® carriers/cm? the addition 
of quite small amounts of IngTe3 greatly increases 


the carrier concentration so that the alloys had ap- 
proximately 1018-10!9 carriers/em? giving highly 


degenerate material. A peak in carrier concentra- 
tion occurs at an IngT eg content of approximately 
():3 Mol per cent. In considering the origin of these 
carriers it is unlikely that they are due to impurities 
in the IneT eg for not only does the IngTeg have car- 
rier concentrations of the order of only 1012 car- 
riers/cm? at room temperature,“!) but even if it is 
postulated that donors unionized in IngTeg would 
be ionized in the InSb alloys, in such a case the 
carrier concentration would be expected to increase 
continually as the IngTeg content of the alloy is in- 
creased, rather than reach the observed peak at 
()-3 Mol per cent IngTes. Furthermore if the alloy- 
ing condition which applies at larger IngTeg 
content (and also in InAs—IngTeg alloys®)) applied 
at very small IngTeg values, in that each IngT eg 
molecule included in the alloy produced its corre- 
sponding vacancy in the indium sublattice, the four 
electrons per site condition would be maintained 
and a large carrier concentration would not be pro- 
duced. It therefore seems probable that a small 
number of Iny’Tes molecules which enter the lattice 
do not produce a corresponding lattice vacancy 1.e. 
the effect is just the replacement of three antimony 
atoms by the three tellurium atoms of the IngT eg 
molecule, giving three donors in the lattice, with 
low or zero activation energy (Fig. 3). This 
“doping” effect appears to be similar to that ob- 
tained by “doping” InSb with tellurium, for 
RHODERICK"2) has shown that when Te is added 
to InSb a carrier concentration of 10!9/cm is pro- 
duced, this corresponding well with the peak of the 
curve in Fig. 5. Values have been calculated to 
show as a function of composition the density of 
carriers which would occur if all tellurium in- 
troduced replaced antimony in this way, and the 
points are shown as crosses on Fig. 5(a). It is seen 
that 0-05 mol per cent IngTeg would be sufficient 
to produce the maximum carrier density observed. 
In practice at lower percentages, e.g. 0-025 mol 
per cent IngT eg, it appears that practically all added 
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tellurium does give the ““doping”’ effect, but that as 
the IngyTeg content is increased above this the 


doping” effect 


“<c 


alloying effect starts and the 
reaches its maximum at a total InoTeg content of 
approximately 0-3 mol per cent, when 0-05 mol 
per cent IngTeg is giving “doping”. At higher 
InoTeg percentages the added IngTeg behaves in 
the expected alloying manner and in fact, as shown 
by Fig. 5(b), the amount of tellurium giving 
carriers decreases. In Fig. 5(b) the carrier concen- 
tration variation is shown as a dotted line, for the 
scatter of the points in this graph although real as is 
shown by the optical results (see later) is assumed 
to be due to fluctuations in specimen preparation. 
The observed variation of carrier concentration 
corresponds to a change in the amount of IngTeg 
concerned of from 0-05 to 0-03 mol per cent only. 

In the case of cRy values for the alloys the fall in 
mobility shown in Fig. 6 may be expected to occur 
because of scattering effects of lattice vacancies in 
the indium sublattice and of both ionized and 
neutral tellurium atoms in the antimony sublattice 
(the term neutral being used to indicate tellurium 
atoms in the same condition as in the InoT es lattice 
as opposed to ionized tellurium atoms which act 
as donors). From the considerations in the last 
paragraph it would appear that for alloys of IngTeg 
content greater than 0-1 mol per cent the number 
of ionized tellurium atoms would be negligible 
compared with the number of neutral tellurium 
atoms and of lattice vacancies, and that each InoTeg 
molecule can be assumed to contribute one vacancy 
and three neutral tellurium atoms to the lattice. 
Thus the observed mobilities should be some 
definite function of the IneTe3 content of the 
alloys. If the IngTeg content of the alloy is con- 
verted into N, the resulting fraction of indium 
sites vacant, it is found that cRy is proportional to 
N-1! 3 (Fig. 9), the only point showing serious 
deviation from the straight line being that of the 
0-025 mol per cent alloy where, as indicated above, 
different conditions will apply. Thus where the 
mobility is determined by scattering of lattice 
vacancies and neutral tellurium atoms, oRy is 
found to be inversely proportional to the average 
distance between the lattice vacancies (or neutral 
tellurium atoms). It is to be noted that the various 
theoretical calculations for neutral impurity 
scattering 3.14.15) predict a mobility proportional 


to N-!, 
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Originally, it had been hoped to use the infra- 
red results to investigate how the intrinsic energy 
gap varied when IngTeg was added to InSb. The 
large increase in observed energy gap due to the 
large carrier density (‘Burstein Effect’’617)) pre- 
vents this however. A comparison of Figs. 5 and 8 





| 


ail 
| 








Fic. 9. Variation of oRy as a function of N~}/3 where N 
is the calculated fraction of In sites vacant in the lattice. 


shows that the variations in the values of 1/Ry and 
E, for the various alloys are well correlated indicat- 
ing that the variation in observed Ey depends 
almost completely on the carrier density, and 
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hence any variation in intrinsic energy gap with 
composition is masked. 


Acknowledgements—The authors are indebted to Pro- 
fessor L. F. Bates for the facilities of his laboratory, and 
to Dr. J. E. Parrott and Dr. A. W. PENN of A.E.I., 
Aldermaston, and Mr. B. R. PAMPLIN of Nottingham 
University for helpful discussions. The work described 
forms part of an investigation carried out for the 
Admiralty. 


REFERENCES 


. FoLBertH O. G., Z. Naturf. 10a, 502 (1955). 

. Woo..ey J. C. and Situ B. A., Proc. Phys. Soc. 
Lond. 72, 214 (1958). 

. Woo.tey J. C. and Smitu B. A., Proc. Phys. Soc. 
Lond. 72, 867 (1958). 

. HERMAN F., GLICKSMAN M. and PARMENTER R. H., 
Progress in Semiconductors Vol. II, p. 1. Heywood, 
London (1957). 

Ko.omrets B. 'T. and Mackova A. A., Zh. tekh. fiz., 
Moskva 28, 1662 (1958). 

Lawson W. D., NIELSEN S., PuTLey E. H. and 
Younc A. S., J. Phys. Chem. Solids 9, 325 (1959) 

. ABRAHAMS M. S., BRAUNSTEIN R. and Rost F. D., 
J. Phys. Chem. Solids 10, 204 (1959). 

Woo.Ley J. C., Evans J. A. and GILueTt C. M., 
Proc. Phys. Soc. Lond. 74, 244 (1959) 

Bowers R., BAUERELE J. E. and Cornisu A. J., 
J. Appl. Phys. 30, 1050 (1959). 

. Woo..ey J. C. and Ray B., J. Phys. Chem. Solids 
13, 151 (1960). 

1. Woo.tey J. C. and PaMPLIN B. R., to be published 
RHoperRIcK E. H., Phil. Mag. (8th series) 3, 545 
(1958). 
3. Ercrnsoy C., Phys. Rev. 79, 1013 (1950) 
Scar N., Phys. Rev. 104, 1559 (1956). 
MANSFIELD R., Proc. Phys. Soc. Lond. B69, 76 (1956) 
KAISER W. and Fan H. Y., Phys. Rev. 98, 966 (1955). 
Moss T’. S., Optical Properties of Semiconductors, 
p. 232. Butterworths, London (1959). 





J. Phys. Chem. Solids Pergamon Press 1960. Vol. 16. pp. 144-151. Printed in Great Britain. 


HYDROGEN IN SINGLE-CRYSTAL 


GERMANIUM* 


THE DIFFUSION OF 


R. C. FRANK 


General Motors, Research Laboratories, Warren, Michigan 
and 


» Jr. 
Wayne State University, Detroit, Michigan, U.S.A. 7 


(Received 3 February 1960) 


Abstract—Single-crystal germanium diffusion specimens were prepared by a special process of 
drilling and crystal growing. The hollow cylindrical specimen was sealed at one end and attached 


to a mass spectrometer at the other. By surrounding the thin cylinder with hydrogen gas and ob- 


serving it diffuse through into the mass spectrometer permeation rates and diffusion coefficients were 
measured in the temperature range of 800 to 910°C. The excellent agreement between diffusion 
coefficients measured by the “time lag’’ and decay curve methods indicates that trapping effects by 
lattice defects were small or non-existent. The activation energy for diffusion is 8-7 +0°8 kcal/g atom 
and the heat of solution is 52°8+1-4 kcal/g atom. The permeation rate was found to vary as the 


square root of the gas pressure, which indicates that the hydrogen exists in the germanium lattice 


as hydrogen atoms or ions 


INTRODUCTION 


IN ORDER to understand the mechanisms involved 
in the interstitial diffusion of impurity atoms in 
solids it is desirable to be gin by studying Sy stems 
which are as simple as possible. A system involving 
the diffusion of hydrogen in single-crystal ger- 
manium is relatively simple for the following rea- 
sons. (1) Hydrogen is a small simple atom. (2) 
Germanium can be obtained in an extremely pure 
form. (3) The effects of grain boundaries are 
eliminated by using single crystals. (4) By proper 
handling the dislocation density in germanium can 
be kept to a minimum. Unfortunately germanium 
is brittle at room temperature so it is somewhat 
difficult to construct diffusion specimens from it. 
The method of preparation of the diffusion speci- 
mens described below is similar to that used by 
VAN WIERINGEN and WaRMOLTZz for silicon.” It 
consists of a special process involving drilling and 
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crystal growing. Using some germanium capsules 
made by a modified form of this technique they 
were able to measure the permeability of hydrogen 
in germanium but not the diffusion coefficients. In 
the work to be described the technique used by 
VAN WIERINGEN and WARMOLTZ on has 
been adapted for use on germanium and both the 
diffusion coefficients and permeation rates have 


silicon 


been measured. 


EXPERIMENTAL 


Fig. 1 is a cross-sectional diagram of one of 
the germanium specimens. It is a single crystal 
which The first 
section was a normal single crystal of germanium 
grown by the CZOCHRALSKI pulling technique. @:3-4) 


This was then machined into the form of a hollow 


was grown in three sections. 


cylinder by using two hollow diamond drills of 
different sizes. The drilling was stopped before the 
end of the crystal was reached and the hollow 
cylinder was left sealed at one end. The core inside 


of the cylinder was machined back a short distance 
and then the cylinder was mounted on the pulling 
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rod of the crystal grower with the open end down. 
Using this as the seed crystal the second section 
was grown onto the open end of the cylinder. A 
narrow hole was bored through this second section 
as shown and then the crystal was placed back in 
the crystal grower and the third section was grown 
on. After boring the narrow hole down the axis of 


Were 


© 


| 
| 
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Cross-sectional diagram of the cylindrical 


diffusion specimen. 


the third section the end was machined so that two 
glass-to-metal seals could be soldered to it. ‘These 
are shown at the bottom. The kovar ends of the 
cylindrical glass-to-kovar seals were soldered to the 
germanium in a hydrogen oven using pure gold as 
the solder. The gold—-germanium eutectic forms at 
at 385°C. Two concentric glass-to-metal seals were 
used because it was found that the rate of permea- 
tion of hydrogen through the glass-to-metal seal 
was greater than it was through the germanium 
even though the temperature was lower in that 
area. During the diffusion studies the space 
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between the glass-to-metal seals was evacuated so 
that any hydrogen which diffused through the 
outer one would be kept from going through the 
inner seal into the mass spectrometer. The glass 
tubing of the seals was attached to the mass 
spectrometer as shown in Fig. 2. The germanium 
diffusion specimen was surrounded by a glass 
chamber and the experiments were conducted by 
introducing hydrogen into this outside chamber 
and letting it diffuse through the germanium into 
the mass spectrometer. The thin-walled portion of 
the crystal was heated by a resistance heater as 
shown in the diagram. The heater consisted of 
nichrome wire wound on an alundum core. A 
separate experiment was performed to determine 
the temperature distribution along the thin-walled 
portion of the crystal. Although the temperature 
was uniform to within a few degrees over the upper 
two-thirds of the thin-walled section it dropped off 
rather severly near the heavy-walled extension. It 
was, therefore, necessary to make some correction 
for this nonuniformity in temperature. Actually 
after a few permeation measurements were made 
it became apparent that because of the very high 
activation energy for hydrogen permeation in ger- 
manium nearly all of the gas went through the 
section that was at the uniform temperature. The 
only correction that was necessary was in the per- 
meation rate calculations where an effective area 
had to be used instead of the entire area of the 
thin-walled section. It was not necessary to correct 
the diffusion coefficient results since the amount of 
gas diffusing at the lower temperatures was so very 
small. 

Due to the fact that most thermocouple mater- 
ials such as platinum, chromel and alumel form 
eutectics with germanium it was necessary to 1so- 
late the thermocouple from the germanium. After 
trying a number of techniques, a chromel-alumel 
thermocouple sealed in a thin quartz casing was 
finally used for the measurements. It was mounted 
as shown in Fig. 2. 

The mass spectrometer was a modified General 
Electric 60-degree sector field instrument. It em- 
ployed a 70 V electron beam with four possible 
trap currents varying from 10 to 50 wA. The 
original electrometer amplifier for ton detection was 
replaced with a vibrating reed electrometer which 
will detect a minimum ion beam current of 
10-15 A. With a trap current of 50 uA and the 
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electrometer amplifier attenuator set on the most 
sensitive scale the sensitivity of the instrument is 
The 


was obtained by calibrating the mass spectrometer 


6-1 x 109 molecules/sec pel division. figure 
with a known leak. 
The following procedure was used for the diffus- 


10n studies. The regions on both sides of the cry stal 


were evacuated and the cry stal was heated to degas 


it. When the hydrogen background was fairly well 


stabilized (only a few divisions deflection on the 
most sensitive scale of the mass spectrometer) 
hydrogen gas at 10 cm Hg pressure was introduced 
into the chamber surrounding the crystal. The 
temperature of the crystal was then adjusted to the 
value desired for the measurement. When a stable 
mass spectrometer reading was obtained on the 
hydrogen peak the pressure of the hydrogen out- 
side the crystal was suddenly increased to 76 cm 
Hg. The mass spectrometer reading on hydrogen 


slowly increased to a new value and levelled off 
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Diagram of the gas chamber and crystal mounting. 


When the new stable reading was obtained the gas 
pressure outside of the crystal was suddenly 
decreased to 10 cm Hg again. The mass spectro- 
meter recording on hydrogen remained steady for a 
short period and then dropped off and went into 
an exponential decay. By working in the pressure 
range 10 cm—76 cm Hg there was very little change 
in thermal conductivity of the gas and the tem- 
perature remained constant to within a few degrees 
during the tests. Tests in this manner were made 
at randomly chosen temperatures until the tem- 
of 800 to 910°C 
Occasionally several tests were made at the same 


perature range was covered. 


temperature to test the reproducibility. 


MATHEMATICS OF THE DIFFUSION PROCESS 

When the hydrogen is introduced into the out- 
side of the thin cylindrical wall at r = 6 a concen- 
tration gradient is established due to the fact that 


the inside of the wall at r a is exposed to the 
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vacuum of the mass spectrometer. The rate at 
which the hydrogen leaves the germanium and 
enters the mass spectrometer will be called the per- 
meation rate and is given by 

oc 


J= ~AD\ (1) 


Or] =a 
where A is the effective area, D is the diffusion 
coefficient which is assumed to be a constant and 
dc/Or is the concentration gradient. In order to 
find dc/@r it is first of all necessary to solve the 
second-order diffusion equation for c = c(t,7r). 
Using the relatively simple boundary conditions 
c= Vatr=a | ie 
c=Cgat7 = b t 


c=Oa<r<b t 


the solution has been obtained by CaRsLAw and 
JAEGER). By differentiation and the use of appro- 
priate approximations to the Bessel functions VAN 
WIERINGEN and WaARMOLTz") show that 

co k— 1 


-X 
Il Ink 


2k1/2 Ink < 
+ — — —1)"~x 
k—-1 >. (1) 


N = 1 


x exp| = -- px) | 


where k = b/a and 1 = b—a. This is an approxi- 
mate result and only holds if 1 < k < 1:5. For the 
specimen used in this work a = 0-795 cm and 
b=0-925cm and therefore k= 1:16. Then 
kV/2 In k/(R—1) = 0-996 S 1, so that equation (2) 
can be written as 


/ OC 
a a 
x ji+2 > (17 exp(— a pi) | (3) 


n 


Therefore the permeation rate becomes 


a] aren \ 
3 (- 1)” exp| ome 2 p)| (4) 
1 4 


J= Jol) +2 


K* 


n 
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where 
Co k—1 


= AD 
Jo 1 ink 


In an earlier paper) on the use of the mass 
spectrometer for diffusion coefficient measure- 
ments it was shown that if the time constant for 
the pump out of the ion source of the mass spectro- 
meter is much smaller than the time constant for 
the transient effect of the diffusion process then 
the peak height or ion current is just 


§ 
h= —J 
Fy 
where s is the sensitivity of the mass spectrometer 
for the gas being measured and F; is the conduct- 
ance of the leak used for the sensitivity measure- 
ment. It is assumed that the mass spectrometer 
remains continually focused on the gas being 
studied. Therefore, it can be expected that if 
hydrogen gas is suddenly introduced into the out- 
side of the germanium the mass spectrometer 
reading will vary as 
c0 iil 
h = ho+2ho > (-—1)" exp| - 
n=1 


where 


A DsCo k—1 
Fil ink 


ho = 


In the experimental technique discussed in this 
paper the base condition was one in which there 
was 10 cm pressure of hydrogen gas outside of the 
crystal. The ho for this condition may be called 
hyo. When the pressure was suddenly increased to 
76 cm Hg the ho for this condition may be referred 
to as hzg. Therefore under these conditions the 
equation for the mass spectrometer peak height as 


a function of time is 
h—hyo = (h7e—/10) + 2(h76—h10) x 


7n 


. Dt) (8) 


9 


oC 
x z (—1)" exp| -- 
n=] 
This is the left half of the curve in Fig. 3. VAN 
WIERINGEN and WaRMOLTz obtained the diffusion 
coefficients by comparing experimental curves 
with the theoretical curves. It has been found more 
advantageous to use other methods however. If 
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equation (8) is integrated over time the following is 


obtained. 


t 


is (hz. hyo)I? 
(h—ho) dt (h7g—hy9)t+ 


. 


0 


x 9 


—~ (—])* 
S 


— n= 
n 


7 
=o 


nN 


} — exp(- — Ds) | 
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equation (11). This method is an adaptation of the 
method described by BARRER™, 

It can be shown that when the hydrogen gas 
pressure outside the crystal is suddenly reduced 
from 76 cm Hg to 10 cm Hg the curve traced by 
the mass spectrometer is described by 


h—hyo = 2(h76—ho) 


7 


S (—1)” exp| - ste Di) 


0 


(1 





——————————umi. i £_ , 


3. Typical curve traced by the mass spectrometer when it is continually 
focused on hydrogen. 


A plot of the integral against time becomes a 
straight line after a short time since the exponen- 
tials approach zero. The intercept of the straight line 
with the time axis is found from the equation 


(hv. hyo)l* 


12D 


fF (hig hyo)t- (10) 


since 


From equation (10) it is shown that 
j2 
6D 


(11) 


effective time lag 


the first half of the mass spectrometer 
curve 1s with 
integral is plotted against time. The straight-line 
portion of this curve is then extrapolated to the 
time axis and the effective time lag (1) determined. 
The diffusion coefficient is then easily found from 


Therefore, 


integrated a planimeter and the 


This is the right half of the curve in Fig. 3. The 
series solution is rapidly converging and after a 
short time only the leading term is important. The 
curve then becomes a simple exponential decay 
with a time constant of 


(13) 


to = 


Therefore the time constant is measured on the 
experimental curve obtained by the mass spectro- 
meter and the diffusion coefficient calculated from 
equation (13). If the diffusion coefficient is really 
a constant of the system one should get the same 
value regardless of whether equations (11) or (13) 
are used. 

The permeation rates are found from equation 


(7). The form used is 


C10) k—] 
Ink 


AsD(c76 
Fil 


hr6- hyo = (14) 


The permeability is found by multiplying this by 
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the thickness and the conductance of the leak and 


dividing by the effective area and the sensitivity. 
P = D(c76—¢10) 


When the pressure change is equal to 1 atm, equa- 
tion (15) is often written as 


P= DS (16) 


and S is now called the solubility. 


RESULTS 

In order to determine how the permeation rates 
vary with the hydrogen gas pressure special tests 
were made at three different temperatures. In each 
of these tests the pressure was varied in five steps 
from 10 cm to 76 cm Hg: The mass spectrometer 
reading was then plotted against the pressure on 
logarithmic paper under the assumption that the 
pressure dependence would be of the form 
h «x p®. The curves through the points were 
straight lines with slopes of x = 0-50 at 837°C, 
x = 0-49 at 861°C and x = 0-50 at 884°C. There- 
fore, within the limits of experimental error it 
appears that the permeation rate varies as the 
square root of the hydrogen gas pressure. If one 
carries out an analysis of the surface reactions in- 
volved in the solution of hydrogen in solids in a 
manner similar to that CHANG and 
BENNETT(®) it becomes apparent that the permea- 
tion rate would be expected to vary as the square 
root of the gas pressure only if the hydrogen is 
dissolved in the lattice as atoms or ions and if the 
surface reaction rates are fast compared to the rate 
of diffusion of gas in the solid. Therefore, since the 
permeation of hydrogen through germanium varies 
as the square root of the hydrogen gas pressure it 
appears that the hydrogen exists in the germanium 
lattice as atoms or ions and the surface reactions 
are fast compared to the diffusion process. 

The permeabilities are plotted against the re- 
ciprocal of the absolute temperature in Fig. 4. The 
center line is the least mean square line through the 
points and the two lines on either side of this are 
the 95 per cent confidence limits on this line. The 
equation of the least mean square line is given by 


used by 


P = Po exp(—Q/RT) = 4-35 x 102! x 
61-5+ 1:2kcal/gatom\ 


RT 


molecules/cm sec 


x exp| — 
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The error limits quoted for the activation 
energy are ()-67 of the standard deviation of the 
slope of the line multiplied by R. The upper curve 
is from the data of VAN WIERINGEN and WARMOLTZ 
who were able to measure the permeabilities as 
hydrogen diffused out through the walls of their 
capsules. The permeabilities which they report are 
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Fic. 4. Permeability, P, of hydrogen in germanium as a 
function of temperature. 


somewhat higher than those reported here and 
their activation energy is somewhat lower. The 
activation energy reported here is 61,500 +1200 
cal/g atom while theirs was 47,000 cal/g atom. The 
absolute values of the permeabilities involve a 
somewhat complicated calibration of the mass 
spectrometer as well as a number of other factors 
which are not always easy to determine accurately, 
so it is not too surprising that there should be some 
differences between values obtained in the two 
laboratories. 

The diffusion coefficients were calculated from 
the time lag method and also from the decay rate 
of the hydrogen evolution curves. These values 
are plotted in Fig. 5 against the reciprocal of the 
absolute temperature. The diffusion coefficients 
calculated from the time lags are plotted as tri- 
angles and those calculated from the decay curves 
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are plotted as dots. It is easily seen that there is 
good agreement between the values found for the 
two methods. This is a good indication that the 
diffusion process is simple interstitial diffusion and 
is not complicated by lattice defect traps or other 
effects. ®)* Since there is good agreement between 
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Lag Method 


Time 
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Diffusion coefficient, D, as a function of tem- 


perature. 


the two sets of values they were combined to im- 
prove the statistics for the calculation of the least 
mean square line. The center line is the least mean 
square line calculated on an IBM 704 computer 
and the two outside lines are the 95 per cent con- 
fidence bands on the least mean square line. The 


equation of the curve which represents these 


* Every attempt was made to keep the dislocation 
density to a minimum. Surface damage produced by the 
machining process was removed by etching, and since 
germanium does not plastically deform at room tempera- 
ture it is not likely that dislocations were introduced as a 
result of the machining process. During the growing of 
the extensions the thin-walled cylinder is plastic and 


subjected to some stress. Therefore some dislocations 


may be introduced under these conditions. However the 
preheat treatment given the specimen to degas it prior to 
the diffusion tests would cause many of these to anneal 


out. 
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points is 
D = Do exp(—£/RT) = 2:72 x 10 
+ 0-8 kcal g atom 


RT 


8-7 


exp cm*?/sec 


The activation energy for diffusion is found to be 
8-7+0-8 kcal/g atom. 

The solubility is determined by dividing the 
permeability by the diffusion coefficient. In this 
case the equation for the solubility can best be 
determined by dividing the temperature depend- 
ent equation for the permeability by that for the 
diffusion coefficients. The temperature depend- 
ence of the solubility is then expressed by 
H/RT) = 1-60 x 104 x 
52:8+1:4kcal/gatom 


RT 


S = So exp( 


< exp] — molecules/cm? 


This is a measure of the amount of hydrogen which 
will be dissolved in the germanium at a given tem- 
perature when the germanium is exposed to 
hydrogen gas at 1 atm pressure. The heat of solu- 
tion is found to be 52:8 + 1-4 kcal/g atom. 


DISCUSSION 

Some of the important conclusions drawn from 
these results are: (1) At high temperatures hydro- 
gen is dissolved in the germanium lattice as atoms 
or ions. (2) The solubility increases with increasing 
temperature. (3) The heat of solution of hydrogen 
in germanium is very high compared to that for 
the solution of hydrogen in many other materials. 
(4) The diffusion coefficients for hydrogen are high 
compared to those for other solutes in germanium. 
Bo.Tak"®) has listed the diffusion coefficients for a 
number of solutes at 800°C and some of the solutes 
with high values are Li, 8-6 x 10-6 cm?/sec; Cu, 
2:8 x 10-5 cm2/sec; Ag, 9x 10-7 cm2/sec; Fe, 2 x 
x 10-6 cm?2/sec; Ni, 4-4 x 10-5 cm2/sec. All of these 
diffusion coefficient lower than the 
4-7 x 10-° cm?/sec found for hydrogen at 800°C. 

The 8-7 kcal/g atom activation energy found for 
hydrogen is slightly lower than the 16 kcal/g atom 
for helium™) and the 11-8 kcal/g atom for lith- 
ium) as might be expected. The Do calculated 
from the experimental data in this study is 
2:7 x 10-8 cm2/sec. The Do can be calculated on 


values are 
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the basis of the WERT—ZENER!!,12,18) theory using 
the equation 


ao/ E \1/2 E Oo 7 

2 \6m } exp| a 

where dp is the lattice parameter, E is the activa- 
tion energy for diffusion, m is the mass of the 
hydrogen atom, R is the gas constant, and 
O(G/Go)/0T is the temperature coefficient for the 
shear modulus. Using the temperature coefficient 
for the shear modulus obtained from the work of 
McSkIMIN“4) and the activation energy obtained 
in the present work the value of Do comes out to be 


Do = 1:0 x 10-2 cm2/sec 


This is in fair agreement with the experimental 
value. If one uses the LANGMuIR-DusHMAN(5) 
equation for the Do there is less agreement. The 
equation is given by 


Do = 


Ah 


where 46 is the nearest neighbor distance, A is 
Avogadro’s number, / is Planck’s constant, and E 


is the activation energy. Do calculated using this 
equation is 


5°5 x 10-2 cm2/sec 


Do = 


The LANGMUIR—DUSHMAN theory is not as com- 
plete as the WERT—ZENER theory and, therefore, 
one might not expect as good agreement. 
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Abstract 


Disordered face-centered cubic alloys in which the nickel in the composition Nig3Mn is 


partially replaced by iron have been studied magnetically over a wide temperature range (4:2—750°K). 
When cooled to 4-:2°K in a magnetic field the alloys of less than about 50 atomic per cent iron 
exhibit hysteresis loops that are displaced from their symmetrical positions about the origin, as 
previously reported for the NigMn. At higher iron concentrations this exchange anisotropy behavior 
disappears, and the temperature and field dependences of magnetization become those characteristic 
of a simple antiferromagnet. This information together with paramagnetic susceptibility data suggest 
that while the Fe—Ni exchange coupling is strongly ferromagnetic both the Fe-Mn and Fe-Fe inter- 


actions are antiferromagnetic in this alloy system. 


INTRODUCTION 
Low temperature measurements have revealed a 
peculiar magnetic behavior in disordered Ni-Mn 
alloys “+ 2) and, more recently, in Co—Mn alloys.) 
When these materials are cooled in a magnetic 
field their hysteresis loops are displaced from their 
symmetrical positions about the origin. This un- 
usual property, first discovered in the ferromag- 
netic Co-antiferromagnetic CoO system,“ was 
also attributed in the alloys to an exchange aniso- 
tropy mechanism. Furthermore, it was suggested) 
that exchange anisotropy the Ni-Mn and 


Co-—Mn alloys results from the presence of com- 


in 


peting magnetic interactions (antiferromagnetic 
for Mn—Mn atoms and for 
Co—Mn pairs, for Ni-Ni, 


Ni—Mn, and Co-Co pairs) and from the statistical 


nearest neighbor 


and ferromagnetic 
composition fluctuations inherent in a disordered 
alloy. These two conditions together give rise to 
a coexistence of very small regions of ferromag- 
netic and antiferromagnetic order. 

For comparison with these alloys it would be 


an Fe—Mn alloy 
j 


1 


desirable to study magnetically 
similar 
composition (about Mn). 
However, to date, we have been unable to com- 


of the same crystal structure (f.c.c.) anc 
25 atomic per cent 
pletely preserve this structure in this composition 
by quenching; an additional phase insists on in- 
truding.©) ‘This complication of extra phases has 
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also been encountered recently in a neutron 
diffraction study of the Fe-Mn system. An 
Fe—Mn alloy of 45 atomic per cent Mn in which 
the f.c.c. structure was retained down to liquid 
helium temperatures was recently reported, but 
this composition would not be suitable for com- 
parison with any of the Ni-Mn or Co—Mn alloys 
mentioned above. We decided instead to examine 
the magnetic behavior of the disordered alloys in 
which the nickel in the composition NigMn is re- 
placed in several steps (but not completely) by 
iron and which can be retained entirely in the 
f.c.c. phase by quenching. It was hoped that the 
composition range available in this phase would 
be sufficient to allow a meaningful extrapolation 
of the measured properties to the composition 
FegMn. Moreover, the occurrence of Fe—Ni atom 
pairs whose interactions presumably are strongly 
ferromagnetic (as deduced from the composition 
dependence of the Curie point of the Ni-rich 
permalloys) should provide an interesting chal- 
lenge to the antiferromagnetic _Mn—Mn inter- 
actions in this ternary system. 


EXPERIMENTAL RESULTS AND 


DISCUSSIONS 
The alloys of this study were made by induc- 
tion-melting in an atmosphere of argon. The 
results of chemical analysis of the ingots are given 
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Fic. 1. Magnetization vs. temperature at various internal fields for 
different compositions of the (Ni,Fe)3Mn system (atomic per cent 
Fe indicated). The solid and dashed curves for H = 4 kOe repre- 
sent the descending and ascending branches of the hysteresis loops, 


respectly ely. 





j.. 5. 


in Table 1. Cylindrical polycrystalline specimens 
0-5 in. long by 0-25 in. in diameter, machined out 
of the ingots, were annealed 15 hr at 900°C and 
then quenched X-ray diffraction 
examination of fillings given the same heat treat- 


into water. 
ment revealed no evidence of any phase other than 
f.c.c. in all these Ni-Fe—Mn alloys; the lattice 


parameters obtained are listed in ‘Table 1. 


Table 1. Alloy compositions (in atomic per cent) and 
their iattice parameters (in A, with an estimated 


error of about +0-002 A) 


Mn 


Nu nS 


NM WM WH W PY bho 


wm Ui W bo 
wu vi 


The magnetic hysteresis loops for these speci- 
mens were obtained between liquid helium and 
temperatures in the described 


room apparatus 


previously“); magnetizations were measured 
while the applied field was slowly cycled between 

8 kOe. For all the data presented here the 
applied fields have been corrected for demagne- 
tizing fields calculated from the magnetizations 
and physical dimensions of the specimens. 

The results of our measurements made for in- 
creasing temperature after the specimens had been 
cooled from 300°K to 4-2°K in zero field are shown 
in Fig. 1. Although the curves for the alloys of 
18-9, 25-6 and 34-7 atomic per cent Fe are qualita- 
tively very similar to those of disordered NigMn, 
it is evident that all their quantitative features de- 
pend sensitively (but not monotonically) on com- 
that for the 


initial increase of iron concentration from 0 to 


position. In particular, we note 
18-9 per cent, the temperature of maximum re- 
manent magnetization (and maximum hysteresis 


the curves for H 4 


and 8 kOe suggest an increase of the Curie tem- 


losses) increases, W hile 


perature and a somewhat more rapid approach 
to magnetic saturation. As the iron concentration 
is further increased to 25-6 and 34-7 per cent, all 


these variations reverse in sign. Finally, in the 
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50-5 per cent Fe alloy there are only vestiges of a 
maximum remanence at a very low temperature 
and of a non-linearity in the field dependence of 
magnetization, and in the 56-5 per cent Fe alloy 
even these vestiges have disappeared, leaving 
behind what appears to be a purely antiferro- 
magnetic behavior. 

The specimens were then cooled from 300°K 
to 4:2°K in a 5 kOe field; the hysteresis loops 
measured at 4:2°K are shown as solid curves in 
Fig. 2, 
direction of the field applied during cooling. All 
these loops are displaced from the origin in con- 


where positive Mand H correspond to the 


trast to the symmetrical loops obtained at 4:2°K 
for zero field during cooling (the dashed curves 
in Fig. 2). As previous torque measurements on 
the disordered NigMn specimen have confirmed ®) 
a displaced hysteresis loop is evidence of a uni- 
directional anisotropy, where the single easy 
direction of magnetization in the material is that 
of the field applied during cooling. A measure of 
this anisotropy can be deduced from the product of 
the algebraic mean values of remanent magnetiza- 
tion and coercive field of a displaced loop.“ In 
this way we obtain anisotropy values of 46, 159, 
179 and 195 k ergs/cm? for the 0, 18-9, 25-6 and 
34-7 per cent Fe alloys, respectively, at 4-2°K. This 
monotonic increase of the unidirectional aniso- 
tropy, however, does not continue much further 
with increasing Fe concentration. In fact, the 
hysteresis loops of the 50-5 and 56-5 per cent Fe 
alloys are found to be unaffected by the field 
applied during cooling (and hence are not shown in 
Fig. 2); thus, the unidirectional anisotropy has 
completely disappeared in these Fe-rich com- 
positions. 

As the temperature of each of the alloys repre- 
sented in Fig. 2 was gradually raised from 4-2°K 
the asymmetry of its hysteresis loop decreased 
monotonically while the thickness of the loop (and 
consequently the hysteresis losses) rose to a 
maximum. At approximately the temperature of 
maximum losses (which, for zero field during 
cooling, can be identified with the temperature of 
maximum remanence indicated in Fig. 1) the 
asymmetry of the hysteresis loop vanished alto- 
gether. This combination of events has been dis- 


cussed previously for the disordered NigMn and 


shown to be consistent with an exchange aniso- 
tropy model.) 
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(d) 


Fic. 2. Hysteresis loops measured at 4-2°K for different compositions 
of the (Ni,Fe)sMn system (atomic per cent Fe indicated) cooled! in 
+5 kOe field (solid curves) or in zero field (dashed curves). 


eans of the same search-coil ‘The linearity of these plots indicates that all these 


Subsequently by m 
method the magnetization measurements on all alloys obey the Curie-Weiss relation fairly well 


these alloys were extended 
Over the temperature ranges W 
tion was proportional to field the results have been 
converted to values of inverse volume suscepti- 


bility, which are plotted vs. temperature 1n Fig. 3. 


to higher temperatures. at sufficiently high temperatures. Extrapolating 


there the magnetiza- the linear portions of these curves to the tem- 
perature axis we obtain values for the paramagnetic 
Curie temperature, 8, which are plotted in Fig. 


4 as a function of composition. 
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As was pointed out recently, @ can be con- 
sidered as representing a particular algebraic 


average of all the exchange interactions in a 
system. Moreover, if the system contains both 
ferromagnetic and antiferromagnetic interactions 
6 can be either positive or negative depending on 


Fic. 3. Inverse volume susceptibility vs. temperature 
for different compositions of the (Ni,Fe)sMn system 
(atomic per cent Fe indicated). 


the relative strengths and numbers of these inter- 
actions. In this spirit we shall attempt a qualitative 
explanation of the variations of 6 with composition 
shown in Fig. 4 in terms of average exchange 
interactions between nearest neighbor atoms. It 


ATOMIC PERCENT Fe 


Fic. 4. Paramagnetic Curie temperature vs. Fe concen- 


the (Ni,Fe)sMn alloy system. 


tration 11 


seems reasonable to attribute the rise in 6 with 
initial substitution of Fe for Ni to the increased 
number of ferromagnetic Ni-Fe interactions 
which more than compensates for the decreased 
number of more weakly ferromagnetic Ni-Ni 


bonds. With further increases of Fe concentration, 
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both these interactions and that of Ni-Mn (which 
is presumably ferromagnetic also) will decrease 
in number accompanied by an increase in the 
number of Fe-Mn and Fe—Fe bonds. Meanwhile 
the number of Mn—Mn interactions remains un- 
changed, and since this nearest-neighbor coupling 
is probably strongly antiferromagnetic, it is 
tempting to consider it almost entirely responsible 
for the fact that @ changes sign and becomes 
negative. However, the paramagnetic Curie point 
of a Cu-Mn alloy (of similar Mn content, structure 
and lattice spacing) 6) has been recently found to be 
about —150°K which can therefore be regarded 
as a rough measure of the interactions between Mn 
atoms in the Ni-Fe—Mn system under discussion. 


ATOMIC PERCENT Fe 


Fic. 5. Paramagnetic atomic moment, pp, and ferro- 


magnetic atomic moment, ps, both in Bohr magnetons, 
vs. Fe concentration in the (Ni,Fe)sMn alloy system. 


Since the curve in Fig. 4 extrapolated to the com- 
position FegMn gives a much larger negative 
value for @ it would appear that in this alloy system 
either the Fe-Mn or Fe-Fe interaction (or both) 
is also antiferromagnetic. 

Using a method described in a previous paper, 
we have computed from the slopes of the curves 
in Fig. 3 values of g§ 4p, aN average moment 
per atom (in Bohr magnetons), where the g-factor 
is assumed to be 2 and _S is an average spin quan- 
tum number per atom. The jz» values are plotted 
vs. composition in Fig. 5, and it is evident that 
ftp rises monotonically as the nickel in this alloy 
system is replaced by iron. This result is quite 
reasonable because pp is a measure of the average 
atomic moment regardless of the alignment of 
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the various individual moments, and because the 
atomic moment of iron is almost certainly larger 
than that of nickel. 

To compare with uz», we have extrapolated the 
magnetizations measured in an 8 kOe field to 0°K 
and converted them into average ferromagnetic 
moments per atom. These values of yy, in Bohr 
magnetons, are also shown in Fig. 5, and it is 
clear that for any composition in this alloy system 
uf is considerably smaller than jy. In the case of 
the NigMn, this enormous dis- 
crepancy between py and py has been previously 
taken as evidence of substantial (though not com- 
plete) antiferromagnetic alignment of moments 
in this alloy resulting from a strong antiferro- 
magnetic coupling between Mn-—Mn _nearest- 
neighbor atom pairs.) The relatively small values 
of «zz can be similarly interpreted for the entire 
(Ni,Fe)g3Mn system. Moreover, Fig. 5 indicates 
that, in further contrast with pp, uz rises initially 
but then drops to essentially zero with increasing 
iron concentration. ‘This appears thoroughly con- 
sistent with the variations of 6 with composition 
shown in Fig. 4, and hence is additional support 
for our conclusions of strongly ferromagnetic 
Ni-Fe interactions and antiferromagnetic Fe-Mn 
and/or Fe—Fe interactions. 

In a model recently proposed for the exchange 
anisotropy behavior of Cu-Mn and Ag-Mn 
alloys) attention directed to antiferro- 
magnetically aligned moments within clusters of 
manganese atoms; the themselves are 
coupled to each other through ferromagnetic 
bonds. Since in general the net moment of each 
cluster is not zero, the system can respond to an 
applied field and give rise to a remanent magnetiza- 
tion and to exchange anisotropy properties. Hence, 
in these alloys and those of Ni-Mn and Co—Mn) 
the composition fluctuations inherent in a dis- 
ordered alloy together with a coexistence of ferro- 
magnetic and antiferromagnetic interactions re- 
sult in a microscopically inhomogeneous magnetic 
state. Presumably, this model applies to the (Ni, 
Fe)3Mn system as long as the iron concentration 
is not very high. However, when this system 
approaches close to the composition Feg3Mn the 
disappearance of remanence at all temperatures 
(Fig. 1f) and of any exchange anisotropy be- 
havior would suggest that the regions of anti- 
ferromagnetic order have grown and are strongly 


composition 


was 


clusters 
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interlocked. This situation would be a natural 
consequence if both the Fe-Mn and Fe-Fe inter- 
actions were antiferromagnetic. The possibility 
of some degree of long-range antiferromagnetic 
order in the Fe-rich compositions of this sytsem 
will be investigated shortly by neutron diffraction. 

The evidence presented here that in the system 
(Ni,Fe)s3Mn the exchange coupling between 
neighboring iron atoms may be antiferromagnetic 
is consistent with the recent finding by KONDORSKII 
and Sepov®) of antiferromagnetism in another 
face-centered cubic iron alloy containing 18 
atomic per cent Cr and 9 of Ni. Moreover, it is 
quite possible that the supposition of an anti- 
ferromagnetic Fe-Fe interaction is also applicable 
to the face-centered cubic Fe—Ni alloys of about 
30 per cent Ni (whose ferromagnetic Curie points 
are decreasing with decreasing Ni content ®)) and, 
more significantly, to face-centered cubic iron 
(whose paramagnetic Curie point deduced from 
very high temperature susceptibility measurements 
is negative), 
Acknowledgements—The author is grateful for many 
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Further observations concerning electrical 

effects during cyclic stressing of alkali halide 
single crystals 


(Received 4 January 1960) 


IN A PREVIOUS note an electrical effect produced 
during cyclic stressing of NaCl was described. 
It was suggested that this effect was due to the 


periodic motion of charged dislocations.“ 2) The 


possibility that we had to do with some kind of 


piezoelectric effect due to the plastic deformation 
of the crystal and the consequent destruction of 
the crystal symmetry, could however not be 
excluded completely. It is the object of this note to 
present some new observations which seem to 
support the hypothesis that indeed charged dis- 
locations are responsible. 

The experimental procedure remained essen- 
tially the same as the one described in Ref. (1). 
We now have, however, the possibility for measur- 
ing the amplitude of vibration and the phase re- 
lationship between applied stress (i.e. bending 
moment) and resulting signal. This is achieved by 
using as a transducer, either a commercial pick-up 
cartridge or a vibrating capacitor (vibrating reed) 
directly mounted on the crystal. It was verified 
that no spurious phase differences were introduced 
by the transducer. The signal from the transducer 
is calibrated against the amplitude as observed 
directly in the microscope. Amplitudes ranged 
from 0-01 mm to 0-1 mm for a crystal length of 
40 mm. 

The relevant new facts are: 

(1) The signal decays in amplitude during con- 
tinued stressing. After having left the crystal 
at rest for some time, the signal returns approxi- 
mately to its original value. 

There is a phase difference between the elonga- 

tion and the observed signal. This phase differ- 
ence is such that the beginning of the flat top 
of the electrical signal (see Fig. 1) coincides, 
with the maximum elongation of vibration of 
the crystal, i.e. strain. ‘This 
phase relationship is independent of the fre- 


with maximum 
quency in the range considered as yet. 
The electrical signal is only observed if the 


amplitude of vibration (i.e. the applied stress) 
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exceeds a certain critical value. The signal then 

increases suddenly, i.e. more rapidly than 
linear. 

(4) The wave shape is typically flat topped as 
shown in Fig. 1 in the whole frequency range 
explored, i.e. for 10—-10,000c/s. The width of 
the plateau at the top, i.e. t; (see Fig. 2) de- 
creases with increasing strain amplitude and 
the phase difference, ¢ as measured by zero 
passage, decreases correspondingly. 





Fic. 2. Phase relationship between elongation (e), stress 
applied to the dislocations (), velocity of the dislocations 
(v) and resulting electrical signal (A). 


The signals as observed on electrodes placed 
on both sides of the crystal, i.e. at the com- 
pression and the extension side, are in phase. 
The signal increases in amplitude with increas- 
ing plastic bending. 

(7) The effective charge on the dislocations is 
positive. 
We will now comment briefly on each of these 


points and explain them in terms of the dislocation 
hypothesis. 
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Fic. 1. Dual trace oscillogram of applied elongation (¢€) (upper 
trace) and resulting electrical signal A (lower trace) 


[facing p. 158 
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(1) When a freshly prepared specimen is tested 


the signal has a certain value for a given ampli- 
tude of vibration. If the amplitude of vibration 
is kept constant it is found that the signal de- 
cays to half its value in approximately 7 min 
depending on the frequency of vibration. (In 
the particular case the frequency was 3000 c/s.) 
This can be understood in the following way. 
The charge cloud which consists of vacancies 
of a sign opposite to the charge on the disloca- 
tion, becomes more and more dispersed as the 
dislocations vibrate. 
there is no longer a localized region around 


This happens because 


which the cloud tends to form. Since the dis- 
location spends now a fraction of its time at the 
position of maximum elongation, part of the 
vacancy cloud will extend to that point. 


(a) 


. 3. Schematic representation of the dispersion of the 
charge cloud as a consequence of vibration. 


Asa result the cloud will be dispersed over the 
area swept by the dislocation (see Fig. 3) and 
the dipole-moment of the system dislocation- 
cloud and hence of the signal is decreased. 

Some negatively charged vacancies may also 
get a chance, during vibration to join the dis- 
location core and diminish temporarily the 
effective charge on it, which again results in a 
decrease of the signal. When the dislocation 
has been at rest for some time (order of magni- 
tude 40 min.) the cloud can build up again by 
diffusion; the signal will therefore increase 
again to approximately its original value. 

The phase difference is characteristic for the 
dislocation hypothesis and is the strongest 
argument against piezoelectricity. It originates 
in the following way. If the elongation (or 
strain) attains a certain value e¢ and conse- 


quently the stress a certain critical value o, the 
crystal starts deforming plastically and the 
stress on the dislocations, remains now constant 
Oc. [ Fig. 2(a, b)] as it is constantly re- 
lieved by the movement of dislocations. This 


o= 


TO 


THE 


Fic 
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reasoning implies that we assume a stress 
strain curve of the shape shown in Fig. 4. This 
curve is of course idealized but represents not 
too badly the situation at the very beginning 
of plastic deformation, which is the region of 
interest here. In particular the stress o¢ may 


4 Idealized which the 


analysis of Fig. 2 was based. 


stress strain curve on 


correspond to the stress necessary to tear away 
the dislocation from its cloud. The stress falls 
again as soon as the elongation diminishes. It 
passes through zero for some finite elongation 
«9. The mechanical hysteresis cycle which 
would correspond to this assumption is shown 
in Fig. 5. To this c curve corresponds the 
schematic velocity curve shown in Fig. 2(c). 
The velocity of the dislocation is hereby 
assumed to be zero in the elastic range and a 
constant in the plastic range; inertia effects are 


Fic. 5. Idealized mechanical hysteresis loop, which was 


(3 


used in constructing Fig. 2. 


hereby neglected. Corresponding to this 
velocity curve one finds for the displacement 
of the dislocation with respect to its cloud 
(assumed to remain fixed), the curve shown in 
Fig 2(d). Comparing now curve (a) and (d), 
one finds the observed phase relationship as 
photographed in Fig. 1. 

Since no electrical signal is observed unless the 


dislocation is displaced with respect to its 
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cloud, i.e. until « exceeds e¢ it is clear that no 
signal will be observed until the critical stress 
Gc is exceeded; we have in fact a simple means 
of measuring it. The rapid superlinear increase 
of the signal may be attributed to two causes: 
(a) the stress reaches the critical value first at 
the surface. As ¢ increases the surface layer 
where co = Ge increases in thickness. 
(b) the interval to and hence A increases rapidly 
with « at first. 
The existence of this critical shear stress pro- 
vides also a qualitative explanation for the 
particular wave shape. Since v is zero in the 
elastic range, there is a plateau v = 0 in the 
interval ¢; (see Fig. 2(c)). To this zero plateau 
in the velocity curve corresponds a plateau at 
the position of maximum elongation, for the 
A vs. t curve. This plateau also occurs during 
the same interval ft). It is clear that t9+4, is 
equal to half a period. The effect of increasing 
" € is to increase fg, as can be deduced from Fig. 
2(a) or (b), and hence to decrease tj, as ob- 
served. The decrease in ¢ follows directly from 
the decrease of fj. 
This is again a strong argument against piezo- 
electricity. In the latter case the polarization 
would differ for compression and extension, 
and the signals should therefore be in opposite 
phase. On the other hand this observation is in 
agreement with the dislocation hypothesis, 
since dislocations move simultaneously in and 
outwards from both sides of the neutral plane 
in bending as described in Ref. (1). A charge 
of the same sign should therefore appear on 
both electrodes in any given phase of the 
vibration. 


This argument can as well be used in favour 
of the piezo-electricity hypothesis as in favour 
of the dislocation hypothesis. Since the pre- 
vious arguments are however sufficient to dis- 
card peizoelectricity as a possible explanation, 
this observation supports the dislocation 
explanation against other possibilities. 
The sign of the charge on the dislocations is 1n 
agreement with the results of Nowick®). The 
implication is that positive ion vacancies are 
formed more easily than negative ion vacancies. 
Independent direct evidence for the existence 


of a positive charge on dislocation in LiF has 
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been found by R. L. SPROULL (private com- 
munication). He performed the inverse experi- 


ment i.e. by applying an electric field to a bent 
crystal, he observed a change in shape of the 
crystal. 


More detailed quantitative measurements 
will be published later. 
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On the structure of ZnSb 
(Received 30 November 1959) 


IN RECENT years much effort has been paid to the 
understanding of semiconducting properties of 
intermetallic semiconductors and several empirical 
rules have been stated.“ 2) Their application to 
the structure of CdSb as calculated by ALM1n®) has 
led to the understanding of its semiconducting 
properties.“»*) These rules are not successful in 
the case of ZnSb. The main difference between 
the structures of both isomorphous compounds lies 
in the metal—metal distance. According to ALMIN 
the distance between Cd atoms is 3,00 A, and this 
can be considered (WINsTON“™)) as unusually long, 
which can be interpreted as an indication of a van 
der Waals type of bond. On the other hand the 
Zn—-Zn distance found by ALMIN is normal. The 
of 
seems to be in contradiction to the rule stated by 


semiconducting behaviour this compound 


* Now at C.E.N. (Centre 
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PEARSON"), according to which there should be 
no metal-metal bonds in a semiconductor. 

To make this point clearer we undertook the 
redetermination of the structure of ZnSb. The 
experimental data were obtained by densitometry 
applied to powder patterns taken in a Guinier 
camera with monochromatized CuK« radiation. 
After correcting for the sample and air absorption, 
variable sample to film distance and oblique inci- 
dence, the measured intensities were converted to 
an absolute scale by the absolute measurement of 
some chosen lines with a counter diffractometer. 
From these intensities the sixty-eight structure 
factors in the range 0<sin 0/A <0-46 A-) were 
calculated. This yielded the basis for a least squares 
determination of the coordinates of Sb and Zn 
atoms. 

The atomic factors used were corrected 
anomalous dispersion according to Hénl. With 
respect to the low value of sin @/A of the reflexions 
used, we replaced the temperature factor by an 
exponential function of sin?6/A?, the constant in 
which was also included in the least squares calcu- 
lation. The resulting coordinates, together with 
the probable errors are indicated in Table 1. The 
values in brackets are ALMIN’s coordinates. The 
least squares procedure reduced the reliability 
factor R to the value 0). 07.* 


for 


Table | 


x y Zz 


Zn | 0-4539+0-0014 0:1115+0-0010) 0-8673 +0-0011 


(0-461) (0-103) (0-878) 
0:1420 +0-0007' 0-0841 +0-0005| 0:1083—0-0005 
(0-142) (0-081) (0-111) 


Sb 


From Table 1 it is evident that ALMIN’s struc- 
ture of ZnSb is in principle correct, although the 
Zn coordinates are subject to considerable errors. 
The reason for this lies in the fact, that ALMIN’s 
structure determination is based on visually esti- 
mated intensities on the powder pattern and on a 
trial and error method of calculation, which makes 
the determination of coordinates of the lighter 
atom more uncertain. In Table 2 we show our 


* The list of observed and calculated structure factors 


will be sent on request. 
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interatomic distances together with the probable 
errors. ALMIN’s distances are in brackets. 


Table 2 


-8$0+0-01 


Sb-Sb A 
*82+0-02 A 
A 
A 


Zn-Zn 
Sb-Zn 
Sb-Zn 
Sb-Zn 


-76+0-01 
64+0-01 
64+0-01 A 


As may be seen from Table 2 the short Zn—Zn 
distance found by ALMIN in ZnSb is not real and 
is a consequence of insufficient accuracy in his 
structure determination. Our interatomic 
tances for ZnSb are in the following points similar 
to those in CdSb® D, 

(1) long (non-bonding) Zn—Zn distance 

(2) two short (bonding) Zn—Sb distances 

(3) one longer (presumably non-bonding) Zn 

Sb distance. 


dis- 


This suggests that the bonding scheme proposed 
by Mooser and Pgearson™) for CdSb holds also for 


ZnSb. 
K. ToOMAN 


Institute of Technical Physics of the 
Czechoslovak Academy of Sciences, 
Prague, Czechoslovakia 
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Donor equilibria in the germanium. oxygen 
system 


(Received 20 January 1960; revised 4 March 1960) 


THE REACTIONS leading to the formation of donors 
in solid solutions of oxygen in Ge have been in- 
vestigated by ELitiotr®) and BLoem, Haas, and 
PENNING®). The latter authors showed that donor 
equilibria were established and attempted to fit 
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thei experimental results to the simple equl- 


librium, 
40 =D (1) 


where O is oxygen and D represents GeO4. The 


latter, the case of silicon and oxygen, ) 
‘ 


appears to act as a In the 
account is taken of the effect of the 


donor. present com- 


munication 


carrier concentration, mj, which exceeds 


gC nerated 


intrinsic 


donor concentration over a con- 


the 


siderable part ol the investigated temperature 


The oxygen content of the specimens was 


range. 
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The crystals employed for the experiments were 
prepared by “pulling” under different partial 
pressures of oxygen in argon. Oxygen contents 
were determined by infrared absorption employ- 
ing the 11-7 band.) The absorption in turn was 
calibrated analysis by means of 
measurements on a series of oxygen-doped Ge 


against gas 


specimens.) Donor concentrations were deter- 
mined on specimens adjacent to those used for 
the infrared measurements by means of resistivity 
(25°C) assuming a singly-charged donor and com- 


plete ionization. All specimens were heated to 


Table | 


Oxygen concentration 
as determined by 


infrared absorption 


determined experimentally. The results obtained 


on a series of Gt crystals show sood agreement 
with the re vised theory. 

It is assumed that the GeQOy, species 1s essentially 
completely ionized as a single donor at the tem- 
perature of reaction (as well as at room tempera- 
ture). Application of the law of mass action to the 
various equilibria, together with the charge and 


mass balance equations, leads to the relation, 


D*[D+ +4/(D*2+4nj)] 


2(Ao 4D )4 


is the 
total 


in which K is an equilibrium constant, D 


ionized donor concentration, Ao is the 
oxygen concentration, and mj; is the intrinsic carrier 
concentration corresponding to the temperature 


When n; D*, the following 


of the reaction. 
equation holds 
(D+)? + 2n;D 


2(Ao = 4D )4 


(3) 


Values in col. 1 


divided by 4 


Equilibrium donor 
concentration 
cm~* (350°C) 

‘80 x 1016 

2 x 1016 

1016 
x 1016 
1016 

7 x 101° 
, 1016 
x 1016 


915°C for 14 minutes and quenched to room 
temperature in less than five seconds before heat- 
ing to the temperature of reaction. Heating was 
carried out in air in furnaces controlled to +1°C. 
Equilibrium donor concentrations were deter- 
mined by plotting donor generation vs. time of 
reaction until no further changes occurred. Above 
470°C curves with maxima were obtained and for 
these cases the equilibrium concentrations of the 
donors are not as accurately determinable. 

The results show that at 350°C and below, the 
final concentration of donors after 100-600 hours 
(depending upon the oxygen concentration) is 
equal to 1/4 of the oxygen concentration deter- 
mined from infrared absorption. (Table 1). Good 
agreement is observed. Fig. 1 is a plot of the 
equilibrium donor concentration against total 
435°, 470°, 


continuous curves 


oxygen concentration for 350°, 385°, 
500°, 527°C. The 
have been calculated by means of equation (3) 
using the values of K indicated on each curve. The 


517° and 
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total oxygen concentration for each crystal plotted 
in Fig. 1 was obtained by taking 4 times the donor 
concentration found in the 350°C anneal. The 
reason for this is as follows: A plot of donor con- 
centration against infrared oxygen concentration 


x 10'S 





AGREEMENT 
WITH THEORY 














olf! 
0 


TOTAL OXYGEN CONC.,< 
Fic. 1. Equilibrium donor concentration plotted against 


total oxygen concentration for various temperatures 
The continuous curves were calculated for the values of 


K shown opposite each curve using equation (3) 


shows that specimens (2) (3) and (5) fall out of 
line with respect to the other specimens. ‘he 
deviations for a given specimen are in the same 
direction and of the same amount for all of the 
temperatures. Consequently it is concluded that 


the oxygen contents in these specimens show small 
non-random deviations from those used for the 
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infrared determinations. In the case of specimen 
(5) this ts probably caused by the fact that separate 
slices of the crystal were used for the respective 
determinations, whereas in all other cases, adjacent 
pieces from a given slice were used. In the case of 
(2) and (3), variations of oxygen concentration 
across the slices could explain the deviations. The 
changes, which are less than 10 per cent (in the 
case of specimens 3 and 5), are not important to 
the interpretation of the results. In the other cases, 
the infrared values fall within about 2 per cent of 
the values obtained by the method described 
(Table 1, Col 2). It is evident that good agreement 
with theory is obtained, particularly at the higher 
temperatures. A plot of K vs. 1/T gives a heat of 
10 kcal (~3-5 eV). 


In the lower temperature range, the curves of Fig. 


reaction of approximately 81 


1 became nearly parallel as the oxygen concentra- 
tion increases and approach a common slope of 1/4. 
Such a behavior is predicted from equation (3). 
The above results not only provide convincing 
support for the GeO, donor structure, but also 
show that the reactions of oxygen leading to the 
formation of donors in Ge conform reasonably well 
to classical mass action behavior. In addition, a 
simple relation between donor concentration and 
oxygen concentration has been obtained which 
suggests a convenient analytical method for de- 


termining oxygen in Ge. 
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BOOK REVIEW 


Vacancies and Other Point Defects in Metals and 


Alloys. A Symposium organized by the Institute of 


Metals and held at the Atomic Energy Re 
lishment, Harwell, 10 December, 1957. The 


Metals, I 1958. 238 pp.. 40s £6 00 
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READING a review of point defects in lattices, one 


is struck by three things: the variety of the 


experimental coverage, the ingenuity which has 
gone into atom models, and the conspicuous 
failure of the models to b« complete or definitive. 
Defects constitute a slippery and difficult subject 
and its devotees must remain aware of numerous 
conflicting results. It is a field in which good 
judgment is needed, as well as the discipline often 
to reserve judgment. This monograph, notable 
for its brevity (it contains only six papers plus a 
general discussion), is a handy survey which will 
aid in the development of such wisdom. In the 
first paper, A. H. COTTRELL reviews, with his usual 
lucidity, the influence of point defects on mechan- 
ical properties at low temperatures. Mechanisms 
of hardening (and softening) by vacancies and 
other point defects are succinctly discussed. Next 
T. Broom and R. K. Ham survey the effects of 


vacancies and interstitials on a variety of additional 


physical properties, including magnetic and ther- 
moelectric effects. W. M. Lomer outlines very 
clearly the role of point defects in diffusion. P. L. 
PRATT contributes a readable chapter on point 
defects in ionic crystals (those well known alloys!), 
particularly in relation to mechanical properties. 
There follows an interesting and unusual paper by 
E. C. Witiias and P. C. S$. HAYFIELD in which 
the surface region of a metal and the special 
character of vacancies and impurities in this region 
are discussed. Experimental evidence from the 
oxidation of copper and its alloys is reported. 
Finally, D. McL&an reviews the influence of 
point defects on mechanical properties, mainly 
creep, at high temperatures. Dislocations and 
surfaces, although not point defects, have come 1n 
for discussion throughout the book, as is proper, 
and the principal methods of introducing point 
defects, quenching, deformation and irradiation 
have also been treated in numerous places. Despite 
the fact that these papers were written three years 


ago, the book seems only occasionally out of date, 
and will be useful both for newcomers and for 


specialists. 


G. H. VINEYARD 
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Abstract 


The constant-coupling approximation is used to obtain the thermodynamic properties 


of a Heisenberg ferromagnet of general spin above the transition temperature. The variation of 


these properties with concentration of the magnetic atoms in an alloy are also given. Similar results 


for antiferromagnets are included in less detail with some critical discussion. 


1, INTRODUCTION 
THE METHODS evolved for treating the order 
disorder problem in a magnetic substance by 
BETHE and PEreRLs™), and GUGGENHEIM®) have 
proved a very convenient means of approxima- 
tion. In these a pair or a small cluster of magnetic 


atoms is treated correctly while the influence of 


the rest of the crystal on these atoms is treated 
approximately. The methods have the great advan- 
tage of being algebraically simple and yet they re- 
produce the general features of the transition to 
magnetic order. Many variations and improve- 
ments of the original proposals have been made, 
and the constant-coupling approximations of VAN 
KRANENDONK and KAsTELEIJN“) is particularly 
useful for magnets with a Heisenberg type of inter- 
action between the spins. They remark that the 
method can be extended from the case with spin 
s = } on each atom to general s, but do not pursue 
the problem beyond a determination of the critical 
temperature 7. The thermodynamic properties 
can be written down for 7'> 7, without much 
labour. The details of the calculation may follow 
exactly the course set out in Ref. (3) but are given 
below from a simple and equivalent method. 

This work was stimulated by the recent attempts 
to predict the behaviour of magnetic alloys diluted 
by non-magnetic constituents, for comparison with 
the growing amount of experimental data on this 
type of system. Sato, ARROTT and Kikucui) have 
used a method of clusters for this problem with 
the Ising interaction between nearest-neighbour 
magnetic atoms and s = }. Recently Smart) has 


L 


used the same method with a Heisenberg inter- 
action using the classical approximation of BRowN 
and LuTTINcER®) applicable for s 
technique the results may be readily written down 


0. Using his 
for general s and 7’ > T, in the constant-coupling 
approximation. Since the predictions vary con- 
siderably with s they are of some importance for 
comparison with experiment. 

The constant coupling approximation of vAN 
KRANENDONK and KASTELEIJN‘? is rather less satis- 
factory for antiferromagnets and an alternative 
and in some ways better method has been pro- 
by MARSHALL RiMMER®), Both 


approaches may be used to determine the be- 


posed and 


haviour with dilution. 


2. CONCENTRATED FERROMAGNETS 
The 
spins is taken as —2Js;.s;, and each atom has z 
neighbours. ‘The constant-coupling method holds 


interaction between nearest-neighbour 


in its simple form when no pair of these neigh- 
bours are nearest neighbours of each other. This is 
all right for simple cubic and body centred cubic 
lattices. The results can also be conveniently used 
for the face-centred cubic lattice as a first approxi- 
mation. 

The method treats an isolated pair of spins and 
the thermodynamic properties can all be given for 
T' > T, in terms of the short range order para- 


meter 
S2 2s(s + l )- | 
(1) 


s(s+1) = F(y) = 


Si. Sj 
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order) and r; are given in this general case by 


exactly the same technique as 


square of 


1) « xp[n(n + ] )] kT] 


1 oe oe T) ; PF ' 
L) EXP[MN+ 1)L/REL |. ais here the side of the cubic unit cell. 

These formulae reduce to the previously re- 
ported results for s l and 1 and also to the 


il is then : : : y- | 
classical approximation) when s 0. In that 


NzJs(s+1)F(y). (3) case the sums in (2) are replaced by integrals and 


F(y) cothy—1/y. (10) 

(4) 3. DILUTE FERROMAGNETS 
; lute crystal with concentration c of mag- 
this approximation netic atoms the technique of Ref. (4) and par- 
ype of calculation ticularly (5) can be applied directly. In order to 
obtain the transition temperature one considers 
only pairs where both atoms are magnetic and the 
average co-ordination number around such a pair 
is now reduced from (z—1) to c(z—1). The result 


for the transition temperature is 


(11) 


confirmed by following the method in 


reduces to that of Smart for 


gives the results in Ref. (4) 


xp(—2J/kT)] (12) 


It has previously been 
pointed out! 9) it this transformation changes 
the results o sing model to the Heisenberg 


model with s = } within the constant coupling 


it which 7, = 0 and 
| ‘low wh | order isant 1 is oO by ine 
yelow which order dis: is given by using 


the | rgest terms In ( 
(13) 


For s = 4, this is three times the value given in 


where Vo is the volume of a unit cell. The relevant Ref. (3) for the Ising model, which is the same as 


parameters «x; (the inverse of the range of the the result of SMart with s = ©0 in the Heisenberg 
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model. The predicted values for Fe—Cr alloys, 
where s = 1, is 0 28 which is higher than the 
experimental value 0-20. Applying the formula to 
f.c.c., Fe-Au (6) gives 0-18 against a measured 
0:14. This discrepancy is perhaps not surprising 
since the range of the exchange interaction in 
metals, is probably greater than the nearest neigh 
bour separation. 

Sato, ArrottT and Kikucut also discuss a sim- 
n which the 
C-N method) is given by 


cz. Using this in the largest term of (2) 


pler approximation average 


i 
ordination number (A 


gives a 


critical concentration 


However, such assumption does not 
appropriate in a theory based on the properti 
pairs. 

The curvature of the curves giving 7; as a 
tion of concentration increases as s increases 
that it is intermediate at intermediate valu 
between those given in Refs. (4) and (5). 

The susceptibility is also given above 7 by 


4Np2 
[he2<S2) +-e(1 
cy laa 


(15) 


c)]/(1—<a) 


where the first term in the square brackets comes 
from pairs and the second from single magnetic 
atoms. This reduces to a formula similar to 
SMART’S 


4N625(s+1)c 
3kT 


(16) 


4. CONCENTRATED ANTIFERROMAGNETS 

The constant coupling approximation developed 
by vAN KRANENDONK and KastTELEIJN™ for anti- 
ferromagnets is algebraically more complicated 
and less satisfactory than the ferromagnetic case. 
The theory predicts an anti-Curie point at a tem- 
perature lower than 7, below which the order dis- 
appears. ‘The Curie and anti-Curie points are given 
by the two roots of the equation 

[(z—1)+229(s+1)J/kT] > (2n+1) x 


n=0 


x exp(—n(n+1)J/kT) = 


AND 
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The method of RrmMMER and MARSHALL®) is 
more closely allied to that of the ferromagnetic 
case and at 7J' 
similar to that of Section 2. Taking the same 
pair interaction with the sign of J reversed, the 


- T, it can be expressed in a form 


short range order parameter now required is 


$i . $j >/s(s+1) F(—y) (18) 
with F still defined by (1) and (2). The expressions 
for E, cy,X; and rj are given by (3), (4), (8) and (9) 
with the signs of F and J reversed. The critical 


temperature is given by 


while 


1)F(—y) 
simplicity this 


Besides the obvious advantage of 


theory does not produce an anti-Curie point, and 
gives complete saturation of the sublattices at 


r = 0. 


5. DILUTE ANTIFERROMAGNETS 
The techniques of Section 3 may be used again 
to consider the behaviour of an antiferromagnetic 
crystal on dilution in these two approximations. By 
replacing (z—1) by c(2 1) in ( 17) the dependence 


of TF. on ¢ 
solution. As the effective co-ordination 


may be determined by numerical 
number 
drops the Curie temperature also decreases fairly 
rapidly, and the anti-Curie temperature rises to 
meet it. At the critical concentration 7; falls dis- 
continuously to zero as the two roots coincide. 
The critical concentration 


co = p/(z—1) (21) 


and is 


where p ~ 4-0 for s 1 2-4 for s= 1 


exactly unity for s = 00. (A rough empirical value 
would be p = (s+ %)/s.) In the classical limit there 
is no anti-Curie point and 7; varies smoothly to 
zero with decreasing c. 

For the MARSHALL and RIMMER theory there is 
no difficulty. The critical temperature is given by 


(22) 
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and by taking the largest term in F(—y), p = 1 
for all s. The magnetic susceptibility is 


1+cF/( y) 


(23) 


1—c(z 


-1)F(—y) 


6. DISCUSSION 

The constant coupling approximation has thus 
been shown to be readily extendable to the case of 
arbitrary s for all properties at T hin The bulk of 
earlier work on this type of approximation shows 
that it is reasonably valid in concentrated magnetic 
crystals for determining 7;, X, etc., and it may be 
expected that the extension to arbitrary s has a 
similar validity. 

The validity of the approximation as a method 
of determining the concentration dependence of 
T, is more difficult to assess. On physical grounds 
it seems very reasonable that 7; will fall with c and 
that order will vanish when co ~ p/z where p 1s a 
number of order unity. But there do not seem to 
be convincing physical arguments one way or the 
other for the predicted variation with s. 

In the antiferromagnetic case the VAN KRANEN- 
DONK and K ASTELEIJN method is clearly an un- 
satisfactory way to determine co since the value 
obtained is largely determined by the behaviour 
of the anti-Curie point which is an incorrect re- 
sult of the approximation. RIMMER and MARSHALL’s 
method does not have this defect and it would 
seem certain that there will be only a small increase, 
if any, in co at low s values. 

The result for the ferromagnet receives some 
support from the results of BroutT®®, who has 
made a much more sophisticated approach to this 
problem by attempting a virial expansion. The 
method is difficult to apply and his only specific 
results are obtained by using the second virial co- 
efficient alone. Since this only involves pair effects 
the approximation is very similar in spirit to that 
of the constant-coupling approximation (c.f. Ref. 
3) and it is not surprising that his results for 7; 
and co are like those of Ref. (4) with z replacing 
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(z—1). (The results are identical to order 2-2, to 
which Brout works.) His expressions for the 
Heisenberg model with s = } although not pur- 
sued are also seen to be given by transformation 
(12) so that his result is equivalent to (13) with z 
replacing (z—1). It appears that extension of his 
method to arbitrary s would give similar expressions 
to those of this paper and give (13) in general with 
z replacing (z—1). Thus the simplest approxima- 
tion of BrouT, which he can in part justify at low 
c and hence for determining co, gives results con- 
sistent with those given here. It is perhaps worth 
while emphasizing that his approach shows a simple 
way to extend the results to crystals where the 
exchange to several types of neighbour is 
important. 

It may be concluded that the major results of 
this approximation to the magnetic properties of 
dilute alloys have some validity, and it would be 
of considerable interest to have experimental re- 
sults on the behaviour of 7). and cp with s. 
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Abstract 


The Bethe—Peierls—Weiss method is generalized so that it is applicable to alloys and solid 


solutions. The method is then used to study the effects of magnetic dilution on a classical Heisenberg 


ferromagnet with nearest-neighbor interactions only 


The results are qualitatively and quantitatively 


similar to those obtained by Sato, et al. using an Ising model. In particular, the limiting concentra- 


tion for ferromagnetism is found to be 
Po 


where z is the number of nearest neighbors 


1. INTRODUCTION 


A PROBLEM in magnetism which has attracted 
considerable attention is the variation of the 
properties of a ferromagnet or an antiferromagnet 
as the system is diluted by the substitution of a 
non-magnetic component. Such a situation can be 
realized experimentally by preparing appropriate 
metallic alloys or solid solutions of non-metallic 
compounds. The theoretical background of this 
problem has been discussed in detail in some re- 
cent papers“-%) on the subject, and we outline it 
only briefly here. 

Perhaps the most interesting point is the way 
in which the transition temperature depends on 
the composition of the system. If the molecular 
field approximation is used to solve this problem 
the predicted result is a simple linear variation of 
concentration of the magnetic 


transition with 


component, i.e. 
Tp) = pT (1) (1) 


where p is the concentration of magnetic atoms in 
the system and 7;(1) is the transition temperature 
when no diluent is present. However, the molecular 


field method is equivalent to the assumption of 


an infinitely long-range interaction which is 
* Present address: IBM Research Center, Yorktown 
Heights, N.Y. 


-1):3 


independent of distance. ‘This assumption is not 
very realistic for many magnetic systems, where 
the interaction is believed to be a rapidly diminish- 
ing function of distance; in such cases, a model in 
which each atom interacts with only a few sets of 
nearest neighbors would seem to be a better 
approximation. For simplicity, let us consider the 
case in which each atom interacts only with its 
nearest neighbors. ‘Then, for p < 1, most magnetic 
atoms have no magnetic nearest neighbors and 
long-range order cannot occur; thus the molecular 
field theory obviously gives wrong results in this 
region. Instead there must be some critical con- 
centration po such that for p > po, there is a 
transition which decreases with 
decreasing p and which vanishes at p = po; for 
p < po, no transition occurs. 


temperature 


From the foregoing discussion, it is evident that 
the results obtained will depend upon the model 
chosen to describe the interactions; furthermore, 
the ensuing statistical problem is a complicated 
one which must be solved by some sort of 
approximation, and the quantitative results will 
depend to some extent upon the nature of the 
approximation. SATO et al.“) have used the Ising 
model with nearest neighbor interactions only and 
have employed the 'Takagi-Kikuchi®) method of 
solution. BroutT') has used the Ising model with 
arbitrary range of interaction and has shown how 
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ord 
assumpt 
atoms 
pre sen¢ 
prol 
po lI ds 
In this 
results of 


to that of SATO 


7 
similar 
Heisen- 
berg model for interactions only 
Bethe 


In the cla 


and the ethod of solution. 


model the magnetic 


, . : 
moment oper: considere d to be a classical 


vector of magnitude g f[S(S+1 , where g is the 
spectroscopic spli } the Bohr magneton 
and S the spin quantum number pet 
B-P-W calcul 


out by J 


atom; the 
a model have been 
carried ind LUTTINGER"). For out 
purposes it is 

results to take Care 

would appear that this method 

same order of accuracy as the SAK treatment and 
it will be two sets of 
Our m¢ 


interesting to compare thi 
results. thod should improve as the spin 
moreover, it does avoid one of 
SAK 


namely, that the use of the Ising model is not very 


per atom increases ; 
the principal objections to the method, 


realistic for magnetic problems. 


2. THE CLASSICAL B-P-W MODEL 


For simplicity we consider only the case of 


SMART 


ferromagnetism; the extension to antiferromag- 
netism is straightforward and, in the approxi- 


’ - 
used, ?Y1 sine 


matio1 same results for pp and for 

the transition temperature with 
sume that there are interactions only 
irest neighbors and that these inter- 


actio! form 


2)Si° S (2) 


where S; and SS; ar assical vectors of magnitude 


rS(S+1)})*. As 


is usual in situations where the 


) 


3—~P—-W method is applied we 


exclude lattice Ss, 


face-centered cubic, where two nearest 


\f a given atom are also nearest n« ighbors 


lure Oo 


f the P-B—W method is to 


mall group of atoms 


Che basic proces 


calculate the 7 roperties ol 
yf an arbitrarily chosen 

ll of zg nearest neighbors. 

within the cluster are taken into 


account exactly and the interactions of the shell 


atoms with atoms outside the cluster are taken into 


account approximately by uming a fictitious 


internal field, Hy, which acts on the shell atoms. 
The properties of H, are determined by imposing 
a consistency condition requiring that the average 
magnetic moment of a shell atom be equal to the 
average magnetic moment of the central atom. 

BROWN and LUTTINGER®) show that the parti- 
tion function for the classical cluster is (to second 


order in A’s) 


¥(y) = cothy Langevin function, 


sil thy 
x() ; 
) 


oBHo 


Ao ’ 
kT 
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oBHy 


Ay 
kT 


Hy = applied field. 


From the consistency condition BROWN and 
LUTTINGER find that the transition temperature, 


Tc, is determined by the relation 
Ff (Ve) = (2-1)! (4) 


and, by the usual methods, the susceptibility 
above the Curie temperature is found to be 


where X is the susceptibility and N the number of 


magnetic atoms. 


3. THE DILUTION PROBLEM 
We are now ready to consider the effects of 
diluting the system by replacing some of the 
magnetic atoms (type P) with non-magnetic atoms 


(type Q). Let 
p = relative concentration of magnetic atoms, 


q = relative concentration of non-magnetic 


atoms, 


assume that the 


with p+q = 1. We atoms are 
randomly distributed over the lattice site so that 
the probability of finding a magnetic atom at any 
given site is Pp. 

Luttings r model 


but 


The extension of the Brown 


to take account of dilution is relatively simple 
one point should be noted. In the usual B~P—W 
calculation only one cluster is considered because 
all clusters are equivalent (if surface effects are 
In the dilution problem, however, 


each 


neglected). 
there are several different types of clustet 
of which must be included in the computati 
with the proper weight. We begin by writing 
partition function for the entire crystal as 


where the product is taken over all the N clusters 
of the crystal. It should be noted that such a pro- 


cedure counts each interaction 2z times, twice 
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exactly and 2(z—1) times in the internal field 
approximation; this point is not important in our 
calculations, however. 

In considering the different types of clusters 
which occur, we see that there will be Np clusters 
which have a magnetic atom at the center and Ng 
clusters which have a non-magnetic atom at the 
center. Moreover, if the dilution is random there 
will be Npf; clusters with a magnetic atom at the 
center and k magnetic atoms in the shell and Ngf, 
clusters with a non-magnetic atom at the center 


and k magnetic atoms in the shell, where 


(/) 


Then the partition function for the entire crystal 


may be written 
(8) 


where on the right hand side the subscripts P and O 
designate the kind of central atom and the super- 


script (k) designates the number of magnetic 


atoms in the shell. 


$y straightforward calculation, we find 


[x( Mut 


t+ 2AgA RSL (4 


(10) 


nbined with 


| hese two expressions 
I 


equation (8) to obtain an ¢ xpression for 
Z(¥, Ao, / 
followed to find the 


high temperature 


\y) and Is 
» and the 


154 
nation 


defining the Curie point is 





». 


The susceptibility above the Curie point is given 


by 


Jy 12) 


144 ) 


For temperatures sufficiently high that y <1, we 


may set Y(y) = y/3. In this case, equation (12) 


reduces, as expec ted, to the Curie-Weiss form 


with 
2pz]S(S+1) 
3k 


p6(1). (14) 


This expression for @ as a function of concentration 
agrees with the result previously obtained by 
Cor iss et al."9 

One 
validity of equation (10). Sato et a/. have remarked 


comment should be made regarding the 


that high temperature expansion methods, such as 


OpECHOWSKI’s@®). cannot be used to locate the 


transition temperature in the region of the critical 
concentration, the reason being that these pro- 


cedures depend on an expansion in terms of J/k7 


ry. * 


’ 


and this expansion does not converge when T' is 
sufficiently small. We would like to point out that 
the B—P-W method, although it is a high tempera- 
ture expansion method, does not suffer from the 
same defect. In the B-P-W method, the expansion 
is carried out in powers of Ap and Aj; to find the 
Curie point we set Ag Q, keep only the first 
term in A;, and use the consistency condition to 
find the temperature at which A; can have a non- 
zero value. This procedure is obviously valid if 
Ay <1. Now A; is identically zero above the Curie 
point and is continuous at the Curie point; thus 
regardless of how small 7; is, as long as it is finite, 
there will remain a small region just below 7; 
in which Aj < 1. In this region, the expansion is 
justified and equation (10) locates the transition 


temperature correctly. 


4. DISCUSSION 
The most striking feature of the results is their 
similarity, both qualitative and quantitative, to 
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those of Sato et al. despite the explicit differences 
between the two models. Both methods give the 


same value for po, namely. 


Po (z—1) L, (15) 


The variation of 7, with p for p > po has almost 
the same quantitative behavior for both methods 
as is shown in Fig. 1. The principal difference lies 


transition temperature, 


this paper; 


Variation of reduced 


Fic. 1. 
kTe/J, 


with composition. 


- SATO et al. 


in the region near po where the SAK method 
predicts a more precipitous decline of the transition 
temperature than does our method. 

The susceptibility results can be compared 
quantitatively by making numerical calculations 
based on our equation (12) and the SAK equations 
(6) and (7). In general one can say that there may 
be considerable quantitative difference in the 
two models near the temperature 
but that this difference decreases rapidly as T 


transition 


increases. For the ferromagnetic case, X tsing > XBpw 
and for the antiferromagnetic case (obtained from 
equation (12) by using negative arguments) the 
inequality is reversed. The difference between the 
two sets of results also decreases with increasing 2. 

Dr Gennes“) has also noted a close similarity 
between the results of the Ising model and the 
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classical B~P-W model in the study of the mag- 
netic diffusion of neutrons. Apparently the two 
models are more closely related than has been 


generally realized. 


APPENDIX 


It is perhaps worthwhile to mention briefly some 
possible effects of chemical ordering of the magnetic 
and non-magnetic atoms. Chemical ordering is of course 
quite common in alloys and has been occasionally 
observed in ionic compounds. A proper treatment of this 
effect would be a non-trivial problem (see ELcock'?)) 
inasmuch as the degree of order may be expected to 
depend on both p and 7. We shall content ourselves 
with quoting results obtained by our method for a fixed 
degree of order. If we assume that the chemical ordering 
is of the simplest kind where the basic lattice is divisible 
into two equivalent interpenetrating sublattices A and B, 
we can define the degree of order by a parameter € such 
that 

pte probability of finding a P atom on A, 
g=-e 
p-—é 
qté 


probability of finding a Q atom on A, 
probability of finding a P atom on B, 


probability of finding a Q atom on B. 


with € < p,q. Then the transition temperature is 


by 


F (Ve) = 


MAGNETIC SYSTEMS 
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and the critical concentration is 


9 on /9 “a 
Po = [(z—1)-?#+e2}! 2. (17) 
If the original material is antiferromagnetic, chemical 
ordering should result in ferrimagnetism and thus be 
easily detectable. 
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Abstract—The fr: electro pproximation for «-uranium is investigated. ‘The difficulties of 
aching the band structu1 iranium are discussed. The representations of the double groups 


I &-uranium are 


1. INTRODUCTION for the AT line, i.e. kz line, and also for the kz and 


RANIUM has a peculiar crystalline ructi 1) k, lines, are given in Table 5 of KosTER®), 


nd exhibits interesting tronic properties. The groups of the points [ and A in «-uranium 
was therefore thought worthwhile to analyse the are, in fact, isomorphic with the groups of the 
free-electron model for th netal by group- points M and L respectively in cphs. ‘The character 


th r ] +} 
Ul 


1eoretical method tables can be completed by KosrTer’s Table 36. 


3. DOUBLE GROUPS 
In the double groups with spin the similarity of 
the character tables of w-uranium and cphs still 
persists. The characters of the additional repre- 
sentations at the I’-point are given in KOsTER’s 
Table 46, at the A-point in Table 75.+ See also 
ELLIoTT©®), ’ 2 


The matrices of the extra irreducible repre- 


2. CHARACTER TABLES 


+ sie ¢ 


1s will be given here for the points I’ and 
‘able 1. There are ten classes for the point 
C' and fourteen for A. For each class the number of 
operations is given and one space operation is 

written down. The representation matrix belongs 
' (900), to this operation. The 7 denotes the translation 
there are et classes OF space operations aS COM- along the z-axis by c/2, the basic z-component of 
pared with tw a in cphs. ‘There are two he lattice being c. 


nore lacc 1¢ the noint C n Jare ee 
more ci: ¢ T ! comfy ared not the decomposition 


5 
ry point at which the occurrence 


splitting is indicated is the A- 


VD} /2 A3+A; 


‘generate by time reversal. 


* Present addr Institute of Theoretical Physics, ae 1iS] in Table 75 is obvious: there should 
University of Warsaw, Warsaw, Poland » {oa|T} inste , compare Table 36. 
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Table 1. Matrices for the extra representations of the double groups of the points 
[’ and A. 


The selection rules for matrix elements of the can be obtained at once by inspection of the charac- 
momentum at the zone centre can be cast into the _ ter tables. 
form given in Table 2. The I’, representations 
(¢ = 1,2,3,4) correspond to unprimed, the [’; rep- 4. LARGE ZONE 
resentations to the primed representations of The large Brillouin zone bounded by the twenty- 
Koster’s Table 7, and Jones”), two planes with the representative indices 
Since the representations for «-uranium are only + [(012) (012) (102) (102), (210) (120), (200) (020), 


one- and two-dimensional, compatibility tables (221) (221), (220)] accomodates 6-04 electrons per 


Table 2. Selection rules for matrix elements of the momentum at the zone centre. 
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atom but it has unsymmetrical shape because the 
basic lattice components in the three perpendicu- 
lar directions x,y,z are of widely different mag- 
nitudes. As the basic cell is unsymmetrical so is the 
true Brillouin zone and the next higher zones in 
the extended zone scheme. Thus it is improbable 
that the Fermi surface calculated in the simplest 
free-electron approximation as a sphere with 
spherical caps deleted from it would give a picture 


of the actual Fermi surface. 


5. ENERGY BANDS 

The energy bands in the free-electron approxi- 
mation have been investigated and their symmet- 
ries assigned up to energies at least twice the 
Fermi energy. Along most of the symmetry lines 
they do not exhibit the high density of levels near 
the Fermi limit. With full reserve to the empty 
lattice test for such element as uranium, we can 
Say that the free-electron band scheme does not 
suggest the high density of states at the Fermi 
limit which is required by various experimental 
data... 3) The 
probably related to the narrow atomic-like levels 
the 6d 5f states of the 


uranium atom. Thus, implicitly, the present nega- 


high density of states is more 


originating from and 


tive results seem to the approach of 


This 


support 


FRIEDEL®) to the problem of «-uranium. 


approach emphasizes the character of uranium 


as a transition element and suggests a hybridization 
of 6d and 5f functions which can form the bonding 


orbitals. 


SUFFCZYNSKI 


6. TIGHT-BINDING APPROXIMATION 

It is worth while to estimate the difficulties of 
a simple tight-binding calculation for «-uranium. 
Starting from the atomic wave functions of the 
outer electrons 7s, 6d, 5f, and remembering that 
there are two atoms in the unit cell, one would 
have to deal with the determinant of 2 x (1+5+7) 

26 degree. Another difficult point would be the 
determination of energy constants in the matrix 
elements. ‘The atomic wave functions in question 
have particularly complicated angular as well as 
radial nodes, hence even the two-centre approxi- 
mation has to meet considerable difficulties. 

Finally one can entertain doubts whether the 
one-electron approximation neglecting from the 
start the correlation effects is capable of explaining 
the crystalline structure of «-uranium and re- 
producing its interesting electronic properties. 
due to Professor 


thanks are 


Acknowledgement—My 
H. Jones for introducing me to the problem of «-uran- 
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ELECTRON EFFECTIVE MASS IN SOLIDS 
A GENERALIZATION OF BARDEEN’S FORMULA 
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Abstract—A formula is derived for the effective mass of an electron in a crystal which replaces the 
sum over excited states in the usual sum rule by an integral over the surface of the unit cell. The 
integrand of the surface integral involves the wave function(s) at the symmetry point or band extre- 
mum ko and a second solution of Schroedinger’s equation at the same energy but satisfying inhomo- 
geneous boundary conditions on the cell surface. The procedure is applicable regardless whether 
there is a degeneracy at ko, and spin-orbit coupling may be taken into account. The result thus 
represents a generalization of Bardeen’s formula for the effective mass of an s-band at k = 0 in 
the Wigner-Seitz spherical approximation to an arbitrary band at any point Ao, using the polyhedral 


cell. A related variational principle for the components of the effective mass matrix is also derived 


1, INTRODUCTION BARDEEN’s result to points other than k = 0 and 
BARDEEN’s formula“) for the effective mass of an states of other than s-symmetry. We shall consider 
s-band near k = 0) has been very useful in calcula- 
tions on the alkali and noble metals.) This formula 
expresses the effective mass in terms of solutions 
of Schroedinger’s equation for k = 0, evaluated 
at the surface of the Wigner—Seitz sphere. For 
other points in k-space or for states of other than 
s-symmetry, only the sum rule for the effective 


explicity the case of a degeneracy at the symmetry 
point. The derivation will be given using two dis- 
tinct methods. The first emphasizes the differential 
equation and boundary conditions satisfied by the 
Bloch functions and lies close to the actual calcula- 
tional procedures that must be used for a numerical 
result. The other emphasizes the formal properties 
mass has been available.8-5) The sum rule of matricesin the representation generated by Bloch 
has been very helpful in the interpretation of 
experimental data as obtained, for example, from 
cyclotron resonance in semiconductors. ” How- 


functions and lies close to the derivation of the sum 
rule itself. A further result is a variational principle 
which leads to stationary expressions for the com- 
ever, its use in connection with calculations that ponents of the effective mass tensor. 
proceed from Schroedinger’s equation requires 
knowledge over the entire unit cell of states far 
removed in energy from the particular bands of We consider solutions of Schroedinger’s equa- 


2. DERIVATION FROM BOUNDARY CONDITIONS 


interest. It is often desirable to avoid this and in- _ tion, 
stead to work only with integrals over the surface 
of an atomic cell of functions associated with the 
bands of interest. Indeed, with the quantum defect. . gs oe ae - 
rae in a periodic potential V(r), for values of the pro- 
method®) the latter is an essential condition. a 
; ; pagation vector k near a value ko which is a sym- 
In this paper we shall derive expressions for the nie ae om 
sen , . metry point in the Brillouin Zone. These solutions 
effective mass which have these desirable features : 
and which thus represent a generalization of 


[—(h?/2m)V2+ V(r) — En(R)den(r) = 9, (1) 


are to have the Bloch form, 


Yen(r) = exp (tk r)ugn(1), (2) 
* Permanent address: Institute for the Study of Metals, 


University of Chicago, Chicago, IIlinois. where ugn(r) has the periodicity of the lattice. 
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¢ boundary 


17 
| 


venience 


Bloch 


(6) 


ym ponent of the momen- 
yerator, al d we de note by (7,2) the integral 
over the unit cell. Substituting from (4) 


that ¥, Dy 


tum oO] 
ot 
al d (5) into (1). 


(J 
must 


we find and 


satisTy 


| (h2 2m) <4 J (fT) Eno|Pn (7a) 


(h2/2m)V2+ V(r)—Eno|Pn (7b) 


Substituting into (3) and expanding the exponen- 
tial factor, we find that the boundary conditions 


are 
Yn (t7¢+ 7) — exp(tRo+t)Pn(17) 


iy exp (7Ro-t)hon(T7), (8a) 


and F., 


HAM 


§ OP nl" rt) exp (iko+t) $+ VPn(t7) 


19+ exp (tRo+t)S+ Wbon(t7), 


+)— exp (1Ro+T)Pn(17) 


($+)? exp (iko+t)bon(t7) 


/ 


? 


(7+) exp (tRo*t)Pn(17), 
6+ 7 Dn(t¢+7)+ exp (tko-t)S+ VPp(17) 


(y+t)* 


exp (7k + T)S* Wont rr) 
2i(f+t) exp (tko+t)S+VV/n(17). (9b) 


f (k Ro). 


(r) and equation (1) for 


Here ¥ is a unit vector alo 
Multiplying (7b) by ¢ 
(r) by Dn, cting and inte- 


we obtain after subtra 


erating ove! the cell 
j 2m){ LS > 
¢ e [D ve he VP |. 


We can now eliminate ®, from the integral over the 


cell surface by using the boundary conditions (9) 


(hs Fly 


(10) 


and those for 4;* and wo», with the result 


i(h?/2m)\dS 


Wrj*]. (11) 


(Ate e.fd4.4 ys 

(7+t)S*[b;" VF 

Here t points from the face of integration to the 

opposite face, and the surface integral is taken 
over all faces of the cell. 

We now express io, explicitly as a linear com- 


bination of the degenerate solutions at Ro, 


sy ( r) S b; o ri, 


l 


We then note that if we replace yon by 4; on the 
right side of (8a) and (8b), and call the solution of 


the resulting equations and (7a) Yj, then 


with the same bj, as in (12), is a solution of (7a) 
and the boundary conditions (8) in their original 
form with wo, on the right. Substituting from (12) 
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and (13) into (11), we obtain 


ir = 1(h?/2m) 


pj *OY; aa Y; Voi"); ( 14) 


for j 1...N. These equations can be solved for 
the b;’s when Eno has a value that makes the 
secular equation of (14) vanish. From (5) we see 
that Ey: is proportional to the inverse effective 
mass in the direction of 7, 


h2[1 /mn*(?))- (15) 


Ene 
If we examine the boundary conditions (8) for 
Y; (with d; replacing yon on the right), we 


further that 1f we find solutions of (7a) which 


sce 


satisfy the boundary conditions 
P5*(1r¢ +7) — exp (1Ro +t) ¥;%(17) 
it, exp (tRo*T)d;(17), 
(17 +7) + exp (1Ro-t) SVP 54(17) 
iv, exp (tko+t)S+Yd;(17) 


then 


(17) 


} 
p 


yy Sy YW, 


tf 


where 7,, y, are components of the vectors T anc 


/ 


7%. Wecan thus rewrite (14) finally as 


(18) 


/ 
f 


h2S byyay pe 


-(1/4mi) (dS 7,8+[6;* 9 P74 — Pio 


(19) 


The ‘“k-p method” of perturbation theory™ o1 
the sum rule gives a formula for /y2 identical in 
form to (18) (but with 4; normalized over the unit 


cell) with ( replaced by the corresponding 


component of the matrix of the effective mass 


| l pit prj? 
Dj; Xf 0490; t Re a 
2m 


: (20) 
m2 =< Ki—E; 
where the sum is over all states yy at Ro that are 


not degenerate with j and j’, and 


(Dj, Pat). 


pit" 
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Only the parts of Dj;*4 and Cj;*4 symmetric in 
the indices « and f contribute to the effective mass, 
as we see by interchanging « and P in (18). Since 
(18) holds for arbitrary ~, we may make the 
identification 


Ba) = $(Cyy*h + Cyj'%), (21) 


j 


when Cj;,“4 is computed from (19) using a nor- 
malized qj. 


That 


must be Hermitean is evident from (18) and from 
A direct proof is given if we transform the 


integral 


Kj; 2 = (1/4m){dS exp (iko+t)[Vj2"(t7¢ +7) 


* 


fy, (rp) + YF; A(r¢) eS va LF (pr 4 


] 
T)I, 
J 


using the boundary conditions (16). On the one 
hand, we can express Y;*'(r¢+t) and its norma 
~ , 4 
(rf) and 4; 


eradients by (16) to obtain 


gradient in terms of ¥Y; (r-) and their 


Kj; 


+ (1/2m){dSS+[Y 


"Vy? 


Che integral however vanishes, as we see by trans- 
forming it by Gauss’s theorem to a volume integral 


Alterna- 


(1) in (22) in terms of 


and using the differential equation (7a). 


tively, we Can express i 
W prove in a similar fashion 


Lr) etc. and w 
C;.;f", We find therefore that 


ea 


oo 


7 sf ical J 
whence the Hermitean char: 


The latter 


} 


ybtained by solving the differential equation 


bject to the boundary conditions (16). In 


Section 4 we shall present the corresponding 


variational principle. ‘This leads to ' 

expression for Cj " is more accurate for 

actual calculation than (19). 
There is ambiguity in the 


W./ from (7a) and (16), since each 4; satisfies the 


determination of 
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same differential equation and the homogeneous 
boundary conditions (3) at ko. However, the value 
of C;;.*4 as given by (19) is unchanged if we add 
to Y;./ 


a constant multiple of any ¢; , since 


{r, £+[b;* 74; $;9o;'*| dS = 0, 


for all j and 7’. This latter relation is equivalent to 
our assumption (6) that p; 0, and it is there- 
fore a consequence of assuming £,; in (5) to be 
zero. We may show also, directly from (16), that 
(25) is a necessary condition for the existence of a 
solution of (7a) and the inhomogeneous boundary 
conditions (16), given that 4; satisfies the same 
differential equation and the homogeneous bound- 
in no 


ary conditions. Thus the ambiguity in YW; / 
of the 


way effects the value of Cj;*/ or that 

effective mass. 
To remove this indefiniteness in ¥Y;,4 we should 

ordinarily require in perturbation theory that 


(b;,.V;4) = 0. (26) 


for all f, 7, 7’. This restriction is awkward in an 
actual calculation, and since it is not necessary in 


calculating C we shall ignore it. 


3. DERIVATION FROM COMMUTATION 
RELATION 
The derivation given in this section makes use 
of the properties of matrices of various operators 
in the representation generated by Bloch functions. 
The Bloch functions ¥;, of propagation vector k 
and energies /,(k) satisfy (1) and are of the form 
(2). In the present section, uz» is normalized to 


unity over the unit cell 


(tpn tien’) = San’. (27) 


Fixing attention on a given set of NV degenerate 
states ; at Ro with energy £;, labelled by / or j’, we 
designate all other states at Ro by t, Eye E;.+ We 
assume that there is a critical point at ko for the 
bands j, so that p () as in (6). 

We obtain the desired formula for the effective 


mass from the commutation relation 
P. Y Pz 


We therefore need such matrix elements as 


hd, - (28) 


3 (5.7 apy, (29) 


t 


(d;,7, p Pj ) 


+ In subsequent expressions, we suppress Ko as a sub- 


script on the Bloch function 


and F. S. HAM 


where the degenerate states at Ej are excluded 
from the sum. The matrix product in (29) is correct 
despite the fact that rpu; is not periodic, the 
periodicity of p,u;, being sufficient for its validity. 
The integral (¢;, rg) is evaluated by multiplying 
the Schroedinger equation (1) by rz and integrating 
over the unit cell. The result is 


Sit? 


h Pit? h2 
BE; — E; 


: + (30) 
m E;—E, 2m 


(d ty ¥ ot ) 


where 


Sit - jdS v 48 , (d j - Vit — WtV;*), (3 1) 


the integral being over the surface of the unit cell. 
Substituting (30) into (29), we obtain 


(dj, V pPx?j’) 

h y Bee 

mi . | ee 

Before a corresponding expansion of (¢j, pr dj) 


can be developed, p, must be transposed to ¢; by 
partial integration because 7 uj, is not periodic and 


Re’ Spry 


T Ps ° (32) 
2m — E;—E; 


cannot be expanded directly, 


(5, Pat phi’) = (bis VpPabi)* —iWf aS 5,7 phj*hj’- (33) 


Substituting from (32) into (33) and using the re- 
lations 

Pit x (puy%)*;, St yl oe (S54°)*, 
we obtain from the matrix elements of (28) the 
relationship 


we) 


dj : 
4m*1 


h Z Pit Sj? +S prj 
E; — E; 


(1/2m)\dS s,7 ph;* 


(34) 
where D;;.*4 was defined in (20). 

This expression can be simplified by intro- 
ducing W;* as defined by equations (4), (12), (13) 
and (17) of Section 2. Using conventional degener- 
ate perturbation theory to calculate ¥j* by the 
“k: p method”, we obtain 


h — debs; 
y d it \ pepty 


WS a iy ry 
) "ard . "he 
m a Ej-E; 
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Substituting (35) into (34) ,we obtain 
1(D),,-«b sell 
§(Djj2? + Diy?) 
= —(1/8m){dS TS [oy Pj~* — Y 52" 7;"] + 
+ (1/8m) {dS 798+ [b;* QP j-*— Pj 7db;*] (36) 
= $ (Cp-54** + CyyP%), 
after pairing integrations over opposite faces and 
using the definition (19) of Cj;,*4. The relation 
(24) now suffices to prove that (36) is identical 
with the result (21) derived earlier. 

The antisymmetric part of Dj;*4 cannot be 
expressed in terms of surface integrals only. This 
part contributes to the energy of an electron in the 
presence of a magnetic field, so that it must be con- 
sidered in the theory of cyclotron resonance or 
spin resonance. It does not contribute to the 
band structure of the crystal or to the energy of an 
impurity state, in the absence of a magnetic field. 


4. A VARIATIONAL PROCEDURE 

A calculation of the effective mass by equations 
(18) and (19) requires determining the Bloch 
functions ¢; degenerate at Ro and the Y;’s which 
satisfy the homogeneous differential equation (7a) 
and the inhomogeneous boundary conditions (16). 
We shall assume that Ey9 and ¢; have been calcu- 
lated fairly accurately by one of the available 
methods, such as that of orthogonalized plane 
waves,!1) augmented plane waves,“@?-'4) or the 
Green’s function method.) Since Rp is to be a 
symmetry point, calculations with these methods 
at Ro are very much more tractable than at a 
general point in the Brillouin Zone. 

Attempts to determine Bloch 
fitting linear combinations of solutions of Schroe- 


functions by 


dinger’s equation in the cell to boundary con- 
ditions at selected points of the cell surface have 
found that the functions and eigenvalues are un- 
pleasantly sensitive to the points selected.(® 1% 
The same can be expected of similar methods of 
determining Y;*. energy 
eigenvalues of Bloch functions can be found by 
obtaining approximate Bloch functions from 
point boundary conditions and then substituting 
these into an expression for the energy which is 
stationary with respect to first order errors in the 
functions.(17, 18) If a stationary expression for the 


However, accurate 


components of the effective mass tensor can be 
obtained, an analogous procedure should permit 


M 


MASS IN SOLIDS 181 


an evaluation of the effective mass that is in- 
sensitive to errors in ¥;%. 
We define the integral 
es Li 
Typ? = (1/282) [Pp 
x [—(h2/2m)V2+V(r)—Eno]j% dr. (3 
We then consider the quantity 
Tir? _ x" + Kj; “ ’ 
(38) 
where Cj;.“4 and Kj;.*4 have been defined by (19) 
and (22). From (23), (24), and the fact that J;;,%/ 
vanishes when ¥;/ satisfies (7a), we see that for 
the correct functions ¥;.4 and ¥;*" which satisfy 
(7a) and (16), Jj; %? = Cj;-*4. Therefore we can 
evaluate the symmetric part of the effective mass 
tensor from the relation, 


$(Djj24 + DjjF*) (39) 


a( Ji +Jji sig 
if we use normalized ¢;. However, we may show by 
direct substitution that if Yj* is in error by an 
amount (A) f(r) where f(r) is a function with con- 
tinuous first derivatives with respect to r but 
otherwise arbitrary, then the error in /;;,% as given 
by (38) is proportional to (A)*. For this result to 
hold, it is necessary that Cj;.%4, Kjj;*’, and 
[;;* in (38) be evaluated with the approximate 
;* functions using the expressions in precisely 
the form given by (19), (22) and (37). Relations 
such as (23) and (24) of course hold only for the 
correct ¥;*. Thus the right-hand side of (39) is an 
expression for the symmetric part of the effective 
mass tensor which is stationary under arbitrary 
variations in the ¥;*’s about their correct values, 
provided only that these variations have a continu- 
ous spatial gradient.} In particular, the approximate 


+ The restriction to functions with a continuous spatial 
gradient can be removed. If the approximate Yj o1 
vv * has a discontinuity on the surface Z within the 


a surface integral 


(1/4m)\zdZ 


cell, we must add to Jj; # 


Ly yah 

US. A/ 4 yw UW .a* 4 yw ] 

x [P54 + 9 YP y2"(— + Pp" — 8 VPA +));, 
where the integral is to be taken over both sides of the 
surface. Here ¥Y;8(+) denotes the value of the approxi- 
mate function on the side of the surface on which the 
element dZ is taken to lie, and ¥;8(—) is its value on the 
opposite side. The normals §, and $_ point into the sur- 
face from the + and — sides, respectively. Since the 
integral over Z runs over both sides of the surface, Lj;"% 


vanishes for continuous functions. 
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exactly the boundary 


“8 is not stationary 


Wea need not satisfy 
conditions (16). However, Jj; 
with respect to variations in the Bloch functions 


d; at ko.t If the 4; have been determined with 


reasonable accuracy, then approximate ;* can be 


+ 


obtained, say from boundary conditions at a set 
ot points on the cell, and the effective mass tensor 


can be found by calculating J from these. 


5. GENERALIZATIONS 


it coupling is taken into account we 


W2V, 
(40) 


(h2/8m*?c- 


of equation (1).@° Using the 


2. we find that Fy is still given 


1s modifi d: 


4mc*)(o x VV), |). (43) 


with zt used instead 


h functions ¢ 
» normalization 

gral by a 

differentiating ) with 


E (Ref. 19) 


r¢ spect to 


and F. S. HAM 


of p throughout, also leads to the relation (21) be- 
tween Djj.*4 and Cjj-*4 as given by (41) and (42). 
The variational principle may be generalized in a 
similar manner. 

The spin-orbit interaction (40) decreases rapidly 
in magnitude as the distance from an atom’s 
nucleus increases. Thus on the surface of the unit 
cell the spin-orbit terms in (41) are small and can 
probably be neglected in a calculation. Alterna- 
tively, it may be preferable in practice to evaluate 
the matrix elements in (18), the equations for the 
effective mass, without spin-orbit coupling. The 
wave functions with 


effective mass and 


spin-orbit coupling may then be found by treating 


correct 


the spin-orbit coupling as a second perturbation 
on the function 4; and introducing the appropriate 
additional matrix elements into the equations. 

A further restriction on our derivation has been 
the assumption that p; 0 at Ro, so that E,; = 0 
in (4). Our expressions for the components of the 
effective mass m< 


j 
energy bands Nnavineg 


trix are thus ; ppropriate only fo1 


critical point at Ro, either 


because of the requirement of syn 


>: 
of n accidental extremum 


a 


rene ral case when treated 


direct section 


by a 


surface 


SUMMARY 


an alternatiy pression for 


1 . : 
the compon matrix 1n 


3 ; 
which the sum ove! 1 states arising 


“Rp method” 


by an integral over the surface of the unit cell. In- 


in the 


of perturbation theory is replaced 


juiring knowledge of excited states at a 
tk luate the sum rule, with 


symmetry point Ro to ev: 


the new f ila we need in addition to the Bloch 


ky a second set of solutions ¥; 


functions ¢; at x to 


Schroedinger’s equation at the same energy but 
satisfying inhomogeneous boundary conditions on 
the cell surface. This result represents a generaliza- 
tion of BARDEEN’s formula for the effective mass 
of an s-band at k 
metry, including a degeneracy at Ro, and to other 


points in the Brillouin Zone. This procedure has 


0 to states of different sym- 


advantages over the sum rule in theoretical evalua- 
tions of the effective mass from Schroedinger’s 
equation, since solutions of this equation are 
needed only at the energy of the states ¢;, and 
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surface integrals alone are needed. Our result 
also represents a generalization of BARDEEN’s for- 


mula in another respect, in that it makes use of 


the actual polyhedral unit cell whereas BARDEEN’s 
formula is appropriate to the Wigner-—Seitz spher- 
ical approximation. 

We have shown also that a variational principle 
exists which gives expressions for the components 
of the effective mass tensor which are stationary 
with respect to errors in Y;*. This procedure offers 
considerable practical advantage, since approxi- 
mate Y;* may be obtained by satisfying the required 
boundary conditions at a few selected points of the 
work with the cellular 
Y;~ so obtained will give fairly 


cell. Previous method 
suggests that 
accurate values when used with the variational 
principle but rather unsatisfactory results if used 
otherwise. This variational principle for the effec- 
tive mass is closely related to and may be derived 
from one given by Koun®) for the energy at an 
arbitrary k. The variational principle is of course 
applicable not only when ¥;% is obtained directly 
from Schroedinger’s equation as above, but also 
if it is obtained from perturbation theory as in (35). 
In the latter case the results for the effective mass 
will be insensitive to errors in the determination 
of the excited states. 
The 
appropriate for calculating effective masses at 


points in k-space at which the bands 


derivations we have given have been 


have 1 
critical point, either for reasons of symmetry o 
because of an accidental extremum. The use of 


surface integrals to express the gradient or cur- 


vature of an energy band at a general point is how- 


1 
t ) +t} 


ever also possible. We have indicated too the 


necessary modifications of the results if spin-orbit 


cout lit a is COI idered. 


Until recently, wave functions obtaine« 


calculations have t been of sufficient 


to hold out hope that quantities calculated 


them would be of much significance. R 


gress in calculational techniques, notal 
Green’s 


Rostoker and the ai 


function method proposed by 
igmented plane wa\ 

= “11 tt eee 
make possible very high accuracy in 


; ; 
eigenvalues for a given potential and reasonable 
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accuracy for the wave functions. With such a 
method to determine the energies and wave 
functions at a symmetry point, the present results 
and particularly the variational principle should 
permit meaningful calculation of the corresponding 
effective mass parameters. Applications of this 
procedure to quantum defect calculations on the 
alkali metals are in progress and will be reported 


at a later time. 


* Note added in proof: We have been informed that 
H. Brooks has derived previously in unpublished work a 
for both degenerate and bands 


result non-degenerate 


equivalent to equation (36). 
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Abstract—A theory is developed to explain the spectrum of light emitted from avalanching ger- 
manium junctions in terms of known properties of the band structure and breakdown process in 
this material. The low frequency peak in the spectrum is ascribed to intraband transitions by holes 
near k 0, higher frequency light arises from electron-hole recombinations. Good agree- 
ment with experiment is obtained with a carrier temperature of 0:25 eV and a pair production 
threshold of 1-5 eV. From the intensity ratio of the two parts of the spectrum an estimate of 101% 
cm-* is made for the carrier density in the radiating regions 


I, INTRODUCTION and indicate qualitatively how they may be used to 
IN A RECENT series of experiments CHYNOWETH and explain CHYNOWETH and GUMMEL’s data. More 
GuMMEL") have measured the frequency distribu- detailed calculations of the two portions of the 


tion of light emitted from avalanching germanium 





junctions. As Fig. 1 illustrates, the spectrum they 


observe has some structure, and seems to indicate 


that at least two separate processes contribute to ie" 





the radiation. In view of this complexity, it is of 
considerable interest to attempt to correlate the 
various features of the spectrum with the known 
properties of the band structure and breakdown 
process in Ge. Such a program is the aim of the 


INTERVAL 


present work. In particular, we will ascribe the low 


w 





frequency rise in the spectrum to transitions of 
hot holes between the split-off and normal valence 


uy 


bands, and the high frequency portion to recom- 
bination of electrons with holes in the heavy mass 
hole band. As will be seen presently, such an 


nN 


assignment explains in a natural way the two fre- 


i) 





(x ARBITRARY SCALE FACTOR) 
ro) 


quency cutoffs (at about 1-2 and 2-2 eV) as well as 


the general shape of the observed spectrum. It 


PHOTONS PER UNIT ENERGY 


also permits one to estimate, from the relative 
intensity of the two portions of the spectrum, the 
carrier density in the region of the junction from 
which light is emitted. This number turns out to 
19 








be about 1019 carriers/cm?. 


In developing the interpretation outlined above, 12 vad ‘6 1-8 20 
PHOTON ENERGY IN ELECTRON VOLTS 





it is well to have in mind the important features of 
the avalanche process and band structure in Ge. yg. 1. Light emission spectrum from avalanching ger- 
W e will discuss these briefly in the next section, manium junctions 
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spectrum are then given in Section III, and a com- 
parison with experiment made in Section VI. Finally 
in Section V we summarize our results and indicate 
some points for further study. 


Il 

The properties of electron-hole avalanches in 
reverse biased semiconductor junctions have been 
elucidated through the experimental work of 
McKay, McArer, MILLER and CHYNOWETH?~?), 
As was earlier emphasized by McKay, the process 
is quite similar to that which occurs in a gas dis- 
charge. Electrons and holes are heated by the 
large fields in the junction to sufficient energies to 
produce further carriers by impact ionization. The 
new carriers created in this way serve to maintain 
the discharge, their number being just sufficient 
to replenish those swept out of the junction by the 
field. Theory) suggests that in a typical break- 
down the carriers will have an average energy of 
several tenths of an electron volt, with a velocity 
distribution that, for low velocities, is approxi- 
mately Maxwellian. Near the threshold for 
electron-hole pair production the distribution cuts 
off abruptly. This process, when energetically 


possible, is a very rapid one and effectively pre- 
vents carriers from reaching higher energies. Our 
best information on the threshold for pair produc- 
tion in germanium comes from the quantum yield 
experiments of Tauc®). These experiments, which 


measure the number of electron-hole pairs pro- 
duced per absorbed photon as a function of 
photon energy, show unit yield for energies be- 
tween 0-7 and 2:2 eV, followed by a linear rise at 
higher energies. The rather abrupt change in slope 
of the yield curve at 2-2 eV is interpreted as being 
due to the onset of secondary pair production by 
the hole or electron originally created by the 
photon. This interpretation (which works fairly 
well for the corresponding experiment in 51) 
suggests that the thresholds for ionization of elec- 
trons and holes are the same and equal to 1:5 eV. 
This figure will be used throughout the paper, 
but it should be borne in mind that the evidence 
on this point is not entirely conclusive. 

Radiation from avalanching junctions was first 
observed9 and studied@!—-!™) in Si, and has only 
recently been reported“) in Ge. Judging from the 
silicon situation, however, we may anticipate that 
in germanium the light comes from localized regions 
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of the junction in which the carrier density is 
especially large. Rose calls these regions micro- 
plasmas and, for Si, estimates that they contain at 
least 10!8 carriers per cm’. The existence of such 
regions has not been demonstrated for Ge, but is 
consistent with visual observations, and physically 
quite reasonable. We will assume, therefore, that 
much of the radiation from Ge junctions comes 
from such regions of high carrier density. 

We now turn to the band structure of Ge and 
consider its role in the light emission process. 
Fig. 2, taken froma paper of PHILLIps“®), illustrates 
features of this Since 


the salient structure. 


PHILLIPs’ calculations were performed, however, 


AY 
A 





A 


ee ae 


-04 Ay 


E IN RYOBERGS 














-0-2 
k=77a7"'(111) 





k=(000) k= 277 a~'(100) 


«— CRYSTAL MOMENTUM —» 


Fic. 2. Energy bands in germanium (after PHILLIPS) 

it has become clear”) that the vertical band gap 
at the conduction band edge (1 to Lg) is consider- 
ably larger than Fig. 2 suggests, namely about 
2-0 eV. With this alteration, it is apparent that the 
k = 0 region of the Brillouin zone is the only one 
in which both large electron and hole occupation 
probabilities can be achieved for states having the 
same k vector. Thus, most of the recombination 
radiation will arise from transitions near k = 0. 
This conclusion requires, of course, that the optical 
matrix element of the transition be not too small. 
KANE(8) has shown, however, that the large cur- 
vatures of the conduction and split-off valence 
bands at k = 0 imply large optical matrix ele- 
ments, corresponding to allowed transitions. 
KANE’s result also suggests that most of the zntra- 
band radiation comes from hot holes near k = 0. 
Intraband radiation could also arise from electron 
transitions near the conduction band edge in the 
100 direction, but here the optical matrix elements 


are small. Near the center of the Brillouin zone, 
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on the other hand, the matrix element for intra- 
band hole transitions, though zero at k = 0, rises 
to large values when the hole energy is comparable 
to the direct band gap ol about 0-80 eV. Thus, we 
may expect the bulk of both the intraband and 
from transitions near 


therefore, 


on to aris¢ 
ae ee ee fi * 
lainder of the paper, 


11 


we will restrict our attention to this portion of the 


srillouin zone. 


According to our previous discussion, the elec- 


trons al d holes that take part 11 the avalar che pro- 


threshold of about 


cess lave energies 


[his enere 
I C rey 


1 by YNOWETH and GUMMEL. One may 


opserve 


well ask why this high frequency radiation 1s not 


observed. Detailed calculations (to be pre sented in 
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Section IV) show, however, that as one proceeds 
away from the point k = 0 in the Brillouin zone 
the optical transition between the conduction and 
split-off valence bands becomes forbidden. This 
selection rule arises because, for energies compara- 
ble to or larger than the band gap, the transforma- 
tion which diagonalizes the Hamiltonian (which 
then contains a large k-p term) tends also to 
diagonalize the momentum operator. As a conse- 
quence, the optical matrix element for process III 
that it should not be 


is sufficiently reduced 
observable. 

Processes I and II, on the other hand, represent 
strongly allowed transitions and should be seen 
experimentally. We believe them to be responsible 
for the two different portions of the spectrum ob- 
served by CHYNOWETH and GUMMEL. For the 
intraband process the maximum possible frequency 


of emission is given by the formula 


Rete Eo| (1) 


m* 


where £p is the threshold for pair production, m; 
the mass of the light hole, and m= that of the 
15eV 
and m*/m; ~ 0-15 one obtains a cutoff frequency, 
hwl,,. ~ 1:25 e\ 


with the lower one observed by CHYNOWETH and 


heavy hole. With the observed values Lo & 


which is in good agreement 


GumMMEL. The frequency of the photon radiated 


in process IT is 
( 


where E(k to(k) are, respectively, the ener- 
tal momenta & in the con- 


o1es of stat ~ with ‘ Sle 
and Ea is the 


1 1 , 
dauction an i “note band 


the maximum frequency is given 


the conduction 
, one then 
eV which compares fairly 


observed energy of about 


The agreement obtained for the two cutoffs 
suggests that we have correctly identified the pro- 
cesses contributing to the experimentally observed 


spectrum. In the following section, therefore, we 
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will study these processes in more detail with the 
aim of obtaining a quantitative explanation of the 
CHYNOWETH—GUMMEL curve. 


Ill 


In this section we wish to study in more detail transi- 
tions near k 0, which we believe to be responsible for 
the light CHYNOWETH 
GUMMEL. Optical transitions of this general type have 
been extensively analyzed by Kane"), using perturba- 
tion theory to obtain the band structures and optical 
0. Unfortunately, 


emission observed by and 


matrix elements in the vicinity of k 
this analysis is not valid when, as is true in the avalanches 
in Ge, the holes attain energies comparable to the energy 
gap. Under such circumstances straightforward pertur- 
bation theory rather, 
exactly diagonalize the Hamiltonian with respect to the 


no longer applies; one must 


four states at k = 0 in the valence and conduction bands 
States other than these four may still be treated by per- 
turbation theory and, in fact, their effect on the optical 
matrix elements is not great. For simplicity we wil 
neglect them in making estimates of optical transition 
rates. We will also neglect spin-orbit coupling. This 
interaction splits the valence band by about 0:3 eV, which 
is considerably smaller than the energies of 1°0-1:5 e\ 
consider. It should not, therefo 


that we wish to 


qualitatively change any of the results we derive 
, 


With the simplifications outlined 
reduces to that of diagonalizing the 


above, our pl »bler 
Hamiltonian in 
subspace of four states that we label us, uz, Uy, uz. ‘The 
Uz refer to the three p-like states in tl 


the 


three states ux, Uy, 
valence band at k : » state us 1S nondegene! 
s-like state at k 0 in the conduction band. ‘To 


mine the energies and wave functions at points / 


in the Brillouin zone we must diagonalize the operatot 
; 7 
h? h h2k? 


2m 


(Rk: ) 


2m mi 


in this sub space (he re U is the pe riodic « ry stal pot 


A straightforward calculation yields the secular equatior 


hPk, hPk, hPk, 


hPh, 
m 
hPk, 
m 
hPhe 
m 
where k (kx, ky, kz) is the crystal momentum; F(z) 


€+h?k?/2m the energy as function of k; Fy and E 
energies of valence and conduction band states at k 0) 


the 
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and P the matrix element of the momentum operator 
defined below: 


he Cuz 
P=-— | ut—=- | ws 
Ox i aa 


Uy 
oy 
The four roots of the secular equation are 
« = E, (twice) 
$h2P2R2 
m* 


E.—E 


simplified model the valence band is seen to consist of 


where Eg is the energy gap atk = 0. On our 


two levels with almost horizontal EF vs. k curves, and a 


third (which, with inclusion of orbit coupling, 


would be split by about 0-3 eV from the other two) that 
The 


k = (0 curves sharply upwards 


spin 


curves sharply downwards. conduction band near 


with a ; ctive mass 
7 band ‘These 
the 


ement 


about equal to that of the split-off va 


bands are all isotropic since is equation (7) sho VS, 


This 


ith that given by KANE and PHILLIPS, indicat 


energies are functions of k? picture is 1n agr 


itour 
ulation to a pace ol y states 


restriction of the calc i 
The optical matrix element, P, 


is not badly in« 


related to the effective 


the 


band by relation 


tne nection oO 


1 
ial to zero 1 simple 
1 } 


trongly affected | 


4Y(conduction band) 


split-off 


V alenc SC ban 


valence band are 


The 


made up of that part of u that is perpendicular to / 


two unperturbed states in the 


It is now a straightforward matter to calculate the 
various optical matrix elements that will interest us. In 
particular, the matrix element for transitions between 
the split-off and unperturbed valence bands is (remem- 


bering that the momentum operator connects states of 
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s-like to p-like symmetry) 
P[n(l)—Ec] 
([n())— Eg P+}? 


(11) 


This expression vanishes, as KANE’s analysis indicates 
limit / — 0. For l, on the other 


\/ (2) and the transition 


it should, in the large 


hand, it approaches P is allowed 


With the aid of equation (11) we may now calcu- 
late the spectrum of radiation emitted in intraband 
hole transitions (process I of Fig. 3). The result 
(after suitable summing over direction and polari- 


zation) is 

hw\ P?l?f\(E) 

mer [y?(1) +17] 
E(k) |h®k? dkdw 


1677 /e* 


(.) | 


d[hw r E(k) 


Ry lw 


3 
(12) 


where w is the frequency of the light emitted, k the 
wave vector of the hole that undergoes transition, 
and f; (£) the distribution in momentum of holes 


in the split-off valence band. Setting 


E\(k) h*k?/2m,, Eo(k) 


h*k2/2mo, 
and (from equation 8) 


PP? ~ mE ¢/2m* 


leads, after some manipulation, to the expression 
below for the rate of emission of radiation in the 


frequency interval dw 
Ry(w) 


hw 


SaV 2m*hw. 
2hw +4 


E¢ 
(13) 


The square of the matrix element for process I] 


can also be evaluated with the wave function of 


equation (9), and turns out to be 
n*(1)P2 
[7°(1) +17] 


(14) 


Using this result one may immediately calculate 
the spectrum of the light emitted in recombination 


process IT. It is 
hw he Py 2(1) 


12874 
(; ! \me?/ [7*(1) +1?) 


Ryy(w) 
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msm* 
m(m* + m>) 
x V2m(hw—E«@) » 


_ fm*(hw—E@)) - m*(hw— E @) 
Te - f: , (15) 


m* + m* m* + m* 


where f; and fe are, respectively, the momentum 
distributions of electrons in the conduction band 
and holes in the heavy mass valence band (see Fig. 
2), and m*. and m= the corresponding effective 
masses. By using equation (8) and rewriting the 
matrix element in terms of the energy of the out- 
going photon we obtain equation (15) in the form 


2 (e\ (hw\ /m* 
fa | ),/ ‘ 


mc" m 


3 


(R3mE ¢) x 


E@) x 
m*(hw - Eg) 


V 2m(hw 


E@) 


m*(hw 
- (16) 


m* + ms m* + m* 


Equations (13) and (16) describe the two transitions 
that we believe to be responsible for the observed 
spectrum. In the next section they will be used to 
make a comparison with CHYNOWETH and 
GUMMEL’s data. 

Before discussing the experimental results, how- 
ever, we wish to consider the matrix elements for 
transitions between the conduction and _ split-off 
valence bands (process III of Fig. 3). As was indi- 
cated in Section II, such processes are inhibited 
for electron or hole energies comparable to £g. 
The appropriate matrix element can be immedi- 
ately obtained from equations (9) and (10), and 
turns out to be 


IPE ¢ 
[?(1) + 1?]1/24[n(1) 


which, when rewritten in terms of the frequency 


(17) 


E@}? el /2\1 2 


of the out-going radiation, takes the simple form 
P(Eg/hw). The square of this matrix element is 
to be compared with the expression 277/?/[y?+/?] 
used in the derivation of Ry; (the factor of 2 occurs 
here because there are two unperturbed valence 


bands). For energies near the cutoff of 2:2 eV 
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observed by CHYNOWETH and GUMMEL the latter 
is bigger, by about a factor 12, than the former. In 
addition, as can be seen from equation (16) the 
mass terms are larger (by about a factor 3) for the 
transition between conduction and unperturbed 
valence band than for transitions to the split-off 
valence band. Combining these effects we then 
estimate that at energies in the vicinity of 2 eV 
process III (of Fig. 3) is reduced by a factor of 
about 30 compared to process IT. Such a reduction 
is more than adequate to explain the fact that such 


transitions are not observed. 


IV 
In comparing the results of the previous sections 
with experiment it is necessary to know the energy 
distribution of carriers in various bands. For this 
purpose we will use the distribution function de- 
rived in Ref. 8 which is of the form 


; — 
f(E)xe-#/W [ +bEi — | 


where Ei(x) is the exponential integral and W a 
number, depending upon the electric field and 
mean free path, that determines the “temperature’’ 
of the carriers. The constant b is determined by 
matching formula (18) to the distribution function 
in the high energy region (EZ > Eo) where electron 

hole pair production is possible. However, since 
the mean free path for pair production is small 
compared to that for phonon scattering, the dis- 
tribution cuts off very sharply for F > Ep and one 
may use instead the simpler condition f(£o) = 0. 
In subsequent work, therefore, we will assume 


f(E) to be of the form 


(18) 


Ei(E/W) ~ 

Ei(Eo/W) , 

Equation (18) is derived under the assumption 
that carriers involved in the avalanche process 
have isotropic and equal effective masses. Such is 
far from being the case in Ge; thus one might 
expect equation (18) to be considerably in error. 
For low carrier densities this statement is un- 
doubtedly correct, and one may expect f(F) to 
depart from the expression given above. Under 
the conditions of the CHYNOWETH—GUMMEL 
experiment, however, the carrier density is high 
(>10!8/cm?) and electron-electron interactions 
(whose effect was not included in the derivation 


(19) 
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of equation (18) play an important role in deter- 
mining the form of distribution. These collisions 
tend, irrespective of the shape of the energy bands, 
to thermalize the distribution. At high densities, 
therefore, we may expect f(E) to be essentially 
Maxwellian for E < Eo, but still to cut off at E~ Ey 
since, even at densities of the order of 1018-1019 
cm~* the pair production process is fast compared 
to thermalization by Coulomb scattering. The 
{(£) given in equation (18) is of just this form. In 


| | 
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Fic. 4. Comparison of experimental and theoretical 


emission spectra 


the high density case, therefore, we may expect 
it to be a fair approximation to the true distribution 
for all band shapes. 

With the aid of equation (18) it is now a straight- 
forward matter to compare the spectra obtained 
from equations (13) and (16) with that observed 
by CHYNOWETH and GuMMEL. ‘The best fit we have 
obtained is shown in Fig. 4. In making this fit there 
are two parameters which must be chosen: the 
“temperature” W of carriers, and the ratio of the 
interband to intraband transition rates. ‘The curve 
shown in Fig. 4 was calculated for W = 0-25 eV, 
a somewhat poorer fit is obtained with W 
0-50 eV. These numbers are about what one would 
expect from the (approximately) known values of 
mean free path and field, and the theory of Ref. 8. 
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The intensity ratio of intraband to interband 
transitions depends (because one is a unimole- 
cular, the other a bimolecular process) on the 
density of carriers in the avalanche region. The 
ratio assumed in drawing Fig. 4 corresponds to a 
density of 101% carriers/cm?. ‘I 
approximate one. It should be compared with an 
estimate made by Rose?) for 1018 


carriers/cm?. In view of the many uncertainties 


his figure is a very 
silicon of 


involved in both these calculations, the agreement 
seems satisfactory. 

between the 
{ xperime ntal ar The first of 
at the high frequency limit where 
2-4e\ 


view of the 


There are two discrepancies 


d theoretical curves. 


these occurs 


theory predicts a cutof of about as com- 
pared to the observed 2:1 
difference 

| 


approximate na 
PI 7 
and could be explained DY 


aoes 
decrez ¢ pall production threshold for 
out 1-2 eV. More disturb- 


at the 1; west tre- 


electrons fron 
1 discrepa 
last point 


S 


herefore 

ror, al d th 

laximum { 

on this point 

V. CONCLUSION 
uding this work we should emphasize 
tentative nature of the model we have 
suggested. Though it explains most features of the 
experimental results, there is at least one non- 
number of 


and a points on 


trivial discrepancy, 
which further experimental information is de- 
sirable. Most important is the problem of the be- 
havior of the spectrum in the region near 1-0 eV 

here one would like to know whether or not the 
peak in Fig. 1 is real, and also something about the 
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spectrum at lower frequencies. Another question 
of interest is that of the variation of the spectrum 
with carrier density. The theory we have given 
implies that the ratio of intensities of the high to 
low frequency portions of the spectrum should 
vary as the density. An experiment bearing on this 
point would provide a crucial test of the theory. 
Finally, it would be most desirable to have 
experimental data on other, and perhaps simpler, 
Such being of 


technical interest, provides considerable insight 


semiconductors. data, besides 


into the behavior of very energetic carriers in 
solids—indeed, the study of avalanche breakdown 
is one of very few ways of getting information of 
under 


this anything like controllable con- 


type 
ditions. Further experimental information would 
permit us to sharpen our theoretical ideas and 
thus exploit to the full this technique for studying 
electrons in semicon- 


the behavior of very hot 


ductors. 
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Abstract—A study has been made of the visible and near infrared light emission that occurs at 
avalanche breakdown in narrow germanium /p-» junctions. Similar light has been previously ob- 
served in silicon. The spectral distribution of the light has been measured for photon energies 
greater than 1:0 eV and compared with that of silicon. The highest photon energies detected by 
the photomultiplier were about 2:0 eV, about three times the band gap (as is the case in silicon) 
The emitted intensity increases steadily with wavelength but shows a sharp rise as the photon energy 
decreases below about 1:2 eV. It is concluded that the high energy photons are produced by 
recombinations between electrons and holes of sufficient total kinetic energy while the most likely 
intravalence band 


cause of the increased emission at the low energy and of the spectrum is 


transitions of energetic holes 


INTRODUCTION was formed by alloying aluminum. Most of the light 
y . “he . _ : a : wan thuaeune . 
NEWMAN first reported the emission of visible ©™Ss!0n studies were made by reverse biasing the 
light from silicon n junctions at reverse bias : : 
§ (1) . ; p J ‘ the presence of the collector junction being disregarded 
breakdown.) Subsequently, CHYNOWETH and ‘The diffused n-type layer was highly doped so that the 
McKay) made a detailed study of this light breakdown voltage of the emitter junction was low. As 
emission phenomenon, particularly its spectral 

distribution, and concluded that the visible light 


emitter junction between the base and emitter contacts, 


originated from recombinations occurring between 
energetic electrons and holes in the avalanche 
breakdown region. At that time a few germanium 
grown p-—n junctions were examined for such light 
emission with negative results. More recently, 
however, NELSON and IRVIN have observed visible 
light in some alloyed germanium junctions. 
This paper reports further studies of the effect 
| 


particularly the spectral properties of the emitted 


light. 


EXPERIMENTAL 
Electrical characteristics of the junctions 


For convenience, readily available germanium transi 
tors were used for these experiments and Fig. 1 show 
A 


their geomtery. The n-type layer, which was of the order 
of 10-4 cm in thickness, was formed by diffusion of anti 





mony into the p-type crystal. Using transistor termin- 
ology, the m—p junction so formed is called the collector 
junction and the n-type layer is designated the Fic. 1. Showing the junction geometry and the bias 
layer. Connection to the base layer was made using a___ direction 
gold-antimony alloyed electrode. The emitter junction 
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used for producing avalanche breakdown 


emission at the emitter junction 
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is usual with such junctions, it is not possible to give a 
precise meaning to the breakdown voltage as the reverse 
““soft’’ 


characteristics are invariably relatively Further- 


more, d.c. studies of the reverse characteristics revealed 
slow drifts, possibly caused by the migration of surface 
impurities. With these cautions in mind, the measured 
breakdown voltages in the junctions used for these ex- 
periments lay in the range of 6 to 12 V. In general, the 
breakdown voltage increased with the temperature, as 
is expected for avalanche breakdown 

the 
junctions in the prebreakdown region and, in some cases, 


Because of low dynamic impedances of these 


because of the drifting reverse characteristics also, it 


was difficult to make accurate junction capacitance 


near breakdown. It will be assumed, 


the 
constant at low biases, 


measurements 
that 
relation, C2V 


therefore, alloyed junctions which obeyed the 
continued to do 
so into the 


prebreakdown region. [C is the junction 


capacitance and V is the total potential drop (applied 
potential plus the built-in potential) across the space- 
charge region. The built-in potential was found to be 
approximately equal to the band gap, which is to be 
expected as the germanium is highly doped on both 
sides of the space charge region.] From the capacitance 
measurements at low biases, the estimated junction widths 
in the prebreakdown region ranged between 2000 A and 
3000 A. Thus, the 


5 x 105 and 10° V cm 


breakdown fields lay between 


Light emission patterns 

Fig. 2 shows photographs of the light emission from 
two different The light emission is particularly 
prominent around the edges of the alloy strip but there 


are also patches and spots of light scattered throughout 


units 


the junction area. Around the edges of the junction the 
light frequently appeared white to the eye (and on color 
film) while elsewhere, the light was usually red or orange. 
Comparing these observations with similar ones obtained 
previously?) with silicon p—7 junctions at depths of less 
than 2 below the crystal surface, it would seem that the 
the 


very close to the germanium surface, 


white light at edges arises from breakdown sites 
whereas the red 
light arises from breakdown sites at a significant distance 
below the surface. (The light from breakdown sites close 
to the surface will not suffer as much attenuation as that 
deeper sites and furthermore, this 


which arises at 


attenuation will increase with photon energy thus 
imparting the red or orange color to the emitted light.) 
On the other hand, the spectral measurements described 
next do not show any appreciable emission in the green 
and blue parts of the spectrum even though the visual 
observation of white light would seem to require some 
such emission. This apparent paradox is not understood 
at present 

It will also be seen in Fig. 2 that the boundary of the 
light emission pattern appears multiple in several places 
and there are even what appear to be closed loops of light 
These complications are almost certainly caused by 
nonuniform alloying and in fact, comparison of the light 
emission pattern with the junction as observed through 
reveals correlations between 


a microscope many 
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singularities in the light emission patterns and defects in 
the alloy strip, both around the edges and in the interior 
of the strip. 


Spectrum measurements 

The equipment used for determining the spectrum of 
the emitted light has been described previously.(?) In 
brief, the light emitting junction was mounted close to 
the entrance slit of a Gaertner spectrometer, Type 193, 
the output of which was detected using a photomultiplier 
with an $1 response. The photomultiplier was operated 
at the temperature of liquid nitrogen and conventional 
pulse counting techniques were used to record the arrival 
of individual photons. With the cooled photomultiplier 
the background was sufficiently low to enable a few 
photons per second to be detected. The spectrometer 
calibrated 


and using a 


tungsten strip lamp run at a known temperature so as to 


photomultiplier system was 


produce a known spectrum.) 


The spectra obtained from two different units 
are shown in Figs. 3(a) to 3(c). The visible appear- 
ances of the light from these junctions were rather 
different from each other, there being more of the 
white component in junction B than in junction C. 
Nevertheless, the main features of the two spectra 
are satisfactorily similar. (The two curves are 
normalized to each other at the arbitrarily selected 
point indicated.) As in the case of the previously 
published silicon emission spectrum,®) no cor- 
rections have been made for the wavelength de- 
pendence of any internal absorption and the re- 
flectivity at the surface 
the light that actually emerges. However, for light 
sources within a micron of the crystal surface, the 


the spectra are those of 


absorption will be negligible at all wavelengths. 
This will be particularly true of the junction with 
the stronger white component and the similarities 
the that it is 
sufficiently true of the other junction also. As for 


between two spectra indicate 
the reflectivity, it will vary only slightly over the 
spectral range covered. 

At the low energy end of the spectrum there 
appears to be a peak located at 1-09+0-01 eV. 
This peak, which appears quite sharp in Fig. 3(b), 
may be more apparent than real, however. As the 
low energy limit of the measurements is deter- 
mined by the photomultiplier response approach- 
ing zero, enormous correction factors have to be 
applied to the low emission intensity readings. 


Thus, the peak may be caused by calibration 


errors. But these remarks apply only to the last 
few points at the end of the spectrum; there is 





Fic. 2. Typical photographs of the light emission patterns from two 
different junctions. The currents through junctions (a) and (b) were 70 mA 


and 20 mA, respectively, and the junction areas were in approximately 


the same ratio. 


[facing p. 192 
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little reason to doubt the validity of the results for 
photon energies greater than 1-10 eV. In particular 


RESOLUTION AT the more rapid rise in the emission intensity for 
JHIGH ENERGY END P 5) ye r 
OF SPECTRUM energies less than about 1-20 eV is real. No com- 





MATCHING | | ° . ° 
POINT Tier parable enhanced emission at low energies was 


observed in the earlier silicon work (covering the 
same energy range) though it should be pointed 
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(c) 
Fic. 3. (a) Light emission spectrum over the whole 
spectral range covered by the photomultiplier. (b) A 
linear plot of the peak at the low energy end of the spec- 
trum. (c) A linear plot of the high energy tail of the 
spectrum. 
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out that the silicon spectrum was obtained with a 
spectrometer resolution two or three times poorer 
than that for the present studies. Apart from the 
enhanced low energy emission, the germanium 
emission spectrum closely resembles that of silicon 
in that it presents a steadily decreasing intensity 
as the photon energy increases. In germanium, 
the highest detectable photon energy was about 





708 112 6 120 ed 126 132 136 2-0 eV whereas in silicon the corresponding value 
PHOTON ENERGY IN ELECTRON VOLTS 2 2 r 
was about 3-1 eV. 


(b) Spectral data were also taken as a function of 
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the breakdown current, the light output being 
measured as a function of the current for three 
different wavelength settings of the spectrometer. 
The result 3, normalized to each other, are shown 

4 where it is clear tha lata for the 


elengths isf: ctorily. 


5 no apy spec- 


appreciably \ n the current 1s se soft 
. ‘ y 1) } 4 ~ } 
junctions. Suc etfect could ¢ account for the 


I 


softness of 


and H. K. GUMMEL 
absence of appreciable light emission from the 
junctions examined previously—these had much 
higher breakdown voltages and, therefore, lower 
breakdown fields than the junctions in the present 
study. 

The efficiency of the light emission mechanism 
has been estimated to be of the order of one photon 
in the range of wavelengths less than 7000 A 


(energy >1-8 eV) for every 108 carriers crossing 


the junction, an efficiency similar to that estimated 


earlier for silicon. However, there are many 


approximations involved in obtaining this value 
and it could easily be out by an order of magnitude 
either way. Furthermore, the geometry of the 
junctions is not so good as in the silicon work in 
that it is not known how much of the light emission 
is being 
spectral range covered by the photomultiplier the 


masked by the emitter layer. Over the 


photon production efficiency will be higher by, 
perhaps, a factor of 100. 

Ay ala che 
accompanied by 
ise:(6, brief, randomly occurring pulses of 


breakdown in silicon is usually 


characteristic microplasma 
nois 
constant current with an amplitude of the order of 
An 
Se pulse S in 
ith the 


or at that of liquid nitrogen. 


100 za. unsuccessful search was made for 


imilar n several of the germanium 


junctions, W junctions at either room tem- 


ver, the failure to detect microplasma noise 


necessarily thi 


it microplasmas were 


noise would be detected if 


ho 
ncy was well beyond 
(10 Mce’s), 


lses were too small, 


Ol 
‘urthermore 


[ope light 


spots 
1 
n silicon junctions 


usIn? 


has been 
Vic Ix AY (9 


cA and SurTa9), 


by 
) 


fact that Fig. 2 
akdown is highly 


that 


the current flow 
1 


1 
concentrated, it 1S concluded 


microplasmas are forming in the junctions used 
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in the present work, so giving rise to extremely 
high current densities. 

When the collector junction was reverse biased 
with voltages up to 40 V applied between the base 
and collector contacts, there was some light 
emission which could be detected by the photo- 
multiplier. Because of heat dissipation difficulties, 
the maximum currents that could be drawn were 
considerably less than in the case of breakdown 
at the emitter junction and it was not possible to 
detect any visible emission with the eye. Nor was 
it possible to study the spectral distribution of this 


light 


DISCUSSION 
The properties of the light emission generated 
at high reverse currents in germanium p—# junc- 
tions, as described in this paper, show many basic 
similarities to those of the light emitted by silicon 
p-n junctions in avalanche breakdown. Such 
similarities are: 


l 
ne 


(1) Apart from the enhanced emission at th 
the 
emitted from germanium, the emission 


low energy end of spectrum of the light 


similar forms. The intensity drops ofl 


] . . ‘ L, a . maa 4 
h increasing photon energy and the 


have very 
11 i. 
steadily Wl 


upper energy limit beyond which few, if any 
photons are emitted is in each case about thi 


energy gap. 


times the 
ELE ee ae “er 
production efficiencies appear to 
be comparable, about one photon in the “visible” 
part of the spectrum for every 108 carriers crossing 


the junction. 
The light emission intensity increases appre 
alae 
linearly with the current. 


both the light emission sites 


mately 


For materials, 


tend to concentrate around the edges of the 


the gyer- 


junction area. In this regard, however, 


manium experiments have not been so compre- 
hensive as those on silicon because the germanium 
junctions did not have the convenient structure 
that was readily available in the silicon work, 
namely, junctions of extensive area formed by 
shallow diffusion and with the crystal surface free 
from the masking effects of an electrode over most 
of its area. 


On account of these similarities, particularly the 
spectral ones, there is no doubt that the mechan- 
ism for the production of photons with energies 
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greater than 1-20 eV in germanium is similar to 
that in silicon. In particular, to account for photon 
energies of up to 2-0 eV seems to require radiative 
recombination transitions between electrons and 
holes, either or both having been accelerated to 
sufficient energies by the electric field in the 
junction. 

There are some differences between germanium 
and silicon in that: 

(1) In germanium there is a prominent increase 
in the emission below 1-20 eV, a feature that has 
no counterpart in silicon in the energy range greater 
than 1-0 eV. 


(2) No microplasma noise was observed in the 


germanium junctions used in these experiments, 


though remarked earlier, it is tentatively con- 
cluded that microplasmas do form, particularly in 
view of the evidence of the light emission patterns, 
so giving rise to the high current densities that 
seem to be required to account for the observed 


recombination light intensities. 


With the aid of Fig. 5 the spectrum will now be 
considered in more detail. Fig. 5(a) is a diagram- 
matic representation of the electron and hole 
energy that from carrier 
acceleration in the high junction field. A band 
structure diagram (b) is also given in which the 
transitions thought to be responsible for the light 


distributions result 
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emission indicated. It is known that the 


average electron and hole energies in the break- 


are 


down region will be a few tenths of an electron 
volt and there are significant populations at higher 
energies. However, there are sharp cutoffs that 
occur at energies equal to the threshold energies 
for electron-hole pair production. ‘These threshold 
energies will be assumed to be roughly equal for 
electrons and holes and equal to the value given by 
Tauc@), namely, about 1-5 eV of kinetic energy. 
It is interesting to note that the threshold energy 
added to the band gap energy gives 2-15 eV for 
3-4eV the 


energy, 13) is 2-3 eV), both 


germanium and for silicon (where 


threshold and in 
materials these energy values are very close to the 
maximum emitted photon energies. 

From consideration of Fig. 5(a) it is clear that 
the highest energy photons can arise only from 
recombination transitions between electrons and 
holes of sufficient total kinetic energy. ‘The shapes 
of the energy distribution functions also account 
for the smoothly increasing intensity of the recom- 
bination spectrum as the photon energy decreases, 
at least for photon energies greater than about 
1-0 eV. 

The specific processes responsible for the light 
emission have been carefully considered by 
Wo rr. (4) For the recombination spectrum he con- 
cludes that only vertical transitions in the neigh- 
borhood of k = 0 will be important as it is the only 
region where both large electron and hole occupa- 
tion probabilities can be achieved for states having 
the same & vector. Furthermore, he argues that the 
transitions II in Fig. 5(b) will be much more likely 
than transitions III. WoLFF is also led to the con- 
clusion that the origin of the increased emission 
at energies less than about 1-20 eV lies in intra- 
band transitions of hot holes near k = 0 transitions 
I in Fig. 5(b) and that the intraband radiation 
from hot electrons is negligible. WOLFF finds that 
processes I and II predict upper cutoff energies 
very close to those deduced from Figs. 3(c) and 
3(b), respectively, and that the theoretical shapes 
of the spectra for the two processes agree very well 
with the experimental results provided that the 
carrier density is of the order of 10!9 cm~* within 
with 


the microplasmas. By analogy silicon, “) 
this figure is felt to be reasonable. 
It is concluded, therefore, that most of the light 


with energy less than 1-20 eV arises from intra- 


GUMMEL 
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band transitions of hot holes while the more 

energetic light is produced mainly by recombina- 

tions between energetic electrons and light holes, 

both processes being confined to the vicinity of 
0. 

It might be hoped that the two processes that 


have been postulated for explaining the whole 


spectrum could be distinguished by observing the 


spectrum as a function of the junction current. 


Interband transitions (bimolecular processes) 
would be expected to follow the square of the 
current while the intraband transitions would go 
as the current. Unfortunately, the results shown 
in Fig. 4 may not answer this point as it is probable 
that in breakdown, an increase in the current is 
accommodated by a comparable increase in the 
cross-sectional the breakdown 
Such an effect has been observed by MOLL and 


area of region. 
SENITZKY in studies of single microplasmas in 
silicon.) In this way one can readily explain the 
fact that the emitted intensity varies linearly with 
the current at all wavelengths. Furthermore, the 
light emission has been found to vary approximately 
linearly with current for microplasmas in silicon.) 

A knowledge of the emission spectrum as a 
function of the field would aid in the interpretation 
but it is not certain whether such a study is 
possible using junctions—the breakdown field 
averaged over the width of the space-charge region 
can be varied by using junctions of different 
widths but there is always some uncertainty as to 
the actual field distribution at breakdown. 
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Abstract—The energy of order in alloys is explained in terms of the electrostatic interaction of the 
charged atomic polyhedra. The present discussion does not use the assumption of the pairwise inter- 
action of nearest neighbors which is doubtful in the problems of metals. This line of approach has 
been made by Motr only for the calculation of the energy of order in the completely ordered super- 
lattice. However, the present discussion is extended to cover the order phenomena in the cases of the 
short range as well as in those of the long range (including those of the intermediate degree of order 
of superlattices). The charges of atomic polyhedra may be produced by electron transfer associated 
with the negative excess energy of the alloy, but the energy of these charges, being an origin of order 
in alloys, is only one part of the excess energy. The result shows that the discrepancy between experi- 
ment and theory could be removed in principle if the difference of the energy between the com- 
pletely ordered state and the disordered were quantitatively calculated, and that the energy of order 
is not so simply related to the excess energy as in the usually accepted theories based upon the 


assumption of pairwise interaction of neighbors. 


1. INTRODUCTION 
THEORIES of the order—disorder transformation in 
developed by 


substitutional alloys have been 


numerous investigators.-%) These have led to the 
prediction of correlations between the short-range 
order (or, the long-range order) in the solid solution 
and the thermodynamic excess energy of the solu- 
tion. However, there is a serious discrepancy 
between the 
qualitative prediction is reasonable. It is note- 


theory and experiment, though 
worthy that these theories are based upon an 
assumption in which the energy of an alloy can be 
expressed in terms of the energies of several kinds 
of atomic pairs, or the Ising model. This assump- 
tion has been used as it stands, though statistical 
mechanics of the order—disorder transformation in 
alloys has been improved in many points: namely 
the method of evaluating the configurational parti- 
tion function, the effect of atomic vibration, the 
effect of interactions between non-nearest neigh- 
bors etc. As is well known, the assumption of the 
pairwise interaction is only a rough approximation 
in metals, since valence electrons making an im- 


portant contribution to the binding energies of 


metals move loosely in metal lattices and the con- 
dition for central forces does not hold in metals. 
The description in terms of pairwise attraction is 
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adequate for the dispersion force or van der Waals 
force in molecular crystals. Thus the usual pair- 
wise interaction model should not be used in a 
theory of the order effect in alloys except for 
qualitative discussion. An improved treatment 
which the of quantum- 
mechanical electronic theory of metals should be 
employed. The first step along this line of approach 
was taken by Morr“) who made a calculation of the 


uses viewpoint the 


energy of the perfect superlattice in f-brass. 

In this paper an extended theory based on 
Mott’s idea is given for the problems of both the 
short-range order of substitutional alloys and an 
arbitrary degree long-range order. According to 
the theory of binary metallic solutions based on the 
cellular approximation, the lattice of an alloy may 
be divided into atomic spheres (polyhedra) all of 
the same average size) or into two sorts of sizes ; (6) 


these atomic spheres are positively or negatively 


charged in accordance with the relative amounts of 
the electronic energies of the constituent atoms. In 
other words the electrons in metallic solutions may 
accumulate near some of the atoms in comparison 
with others, if the ionization potential of the former 
is greater than that of the latter or if the Fermi 
energy of the former is less than that of the latter. 
Such an effect of charge transfer may produce a 
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purely electrostatic interaction of the atomic 
spheres. This electrostatic effect of atomic spheres 
corresponds to the ordering energy calculated by 
Mott. However, it should be noted that Mott’s 
treatment is limited to the case where the con- 
stituent atoms of an alloy have differing valences, 
since the kinetic energies of free electrons are mea- 
sured relative to the same energy, which is com- 
mon to the constituent atoms. On the other hand, 
in the charge transfer theories of alloys based upon 
the cellular approximation of metals, this limitation 
may not exist since the above kinetic energy is 
estimated in the respective atomic spheres (poly- 
hedra) and electron transfer occurs in the absence 
of any valency difference. Hence, the Au—Cu 
superlattices which cannot be explained by Mort’s 
treatment can be discussed in terms of the present 
considerations. 

The major part of the ordering energy in alloys 
may, thus, be represented by an electrostatic inter- 
action between atomic spheres. As a result this 
effect may be associated with a negative excess 
energy of the alloy (or exothermic mixing). On the 
other hand the existence of two phases in alloys or 
the immiscibility of mixtures may be connected 
with a positive excess energy (or endothermic 
mixing), which may be mainly due to the closed 
shell repulsion of atoms or ions. This repulsive 
force can be explained in terms of the exchange 
integrals between atoms or by the Thomas—Fermi 
method and fortunately can be simplified in terms 
of the pairwise interaction as has been done by 
Born and Mayer“), ‘Thus there is no need to im- 
prove the well-established theories of short-range 
order showing the positive excess energy (endo- 
thermic energy). Only for exothermic mixing will 
the following considerations apply. Many interest- 
ing effects of order in alloys correspond to this 
case and may be explained by the electron transfer 
mechanism. 


2. SHORT RANGE ORDER 
As shown in the theory of metallic solutions 
based upon the cellular approximation of metals, ©) 
atomic spheres (polyhedra) with the same average 
radius (size) are positively or negatively charged in 
accordance with the relative magnitudes of the 
Fermi energies of the constituent atoms mea- 


sured from the respective lowest quantum states of 


the electrons in alloys. For example, in f-brass a 


OF ORDER IN 
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positive charge will be found in a zinc atomic 
sphere and a negative one in a copper atomic 
sphere. Further, in the Au—Cu superlattices one 
may find copper is positive and gold negative. (See 
Appendix.) 

Mott) has assumed that the total energy of 
these extra charges is zero in the disordered alloys 
(in the sense of superlattices). However, this 
assumption may be unsuitable for the short-range 
order, showing the deviation from random mixing 
in the disordered state. In the present treatment it 
is assumed that some effect of order exists even in 
disordered alloys owing to the electrostatic inter- 
action among the extra charges of the atomic 
spheres mentioned above, though this effect should 
disappear under the condition of completely ran- 
dom mixing. 

In the completely random state of the A—B alloys 
the atomic distribution of nearest neighbors 
surrounding an atom should be xaz for the A 
atoms and xpz for the B atoms, where x, and xg 
are atomic fractions of A and B respectively, and z 
is the coordination number. One puts —e as the 
charge of an electron. Taking ne as the extra 
charges for the A atomic sphere and n’e for B, 
from the condition of electrical neutrality one 


obtains 


yan+xpn’ 0 (2.1) 


irrespective of the state of order. Furthermore, 
these additional charges of the atomic spheres may 
be associated with the clustering of the conduction 
electrons, usually called the screening effect. ‘The 
effect of the conduction electrons of such a type can 
be expressed by the Thomas—Fermi method‘) or 
by the refined method of FrrepEL®). For brevity 
the simple Thomas—Fermi method is used here 
since the principle may be straightforwardly exten- 
ded to the refined model. The potential produced 
by the electron transfer and by screening effect, 
@, satisfies 


V20 = 920, (2. 


where g is the screening constant of the alloy. (2. 
has the boundary conditions, 
@ = ne/r or n'e/r (ry > 0) 


0 (7 


The distance rp shows the one where the charge on 


= #9). (2.3) 
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the atomic polyhedron disappears practically. In 
the completely ordered state this distance ro may be 
equal to the radius of the atomic (sphere) poly- 
hedron rs, as Mott considered. 


(2.4) 


Yo = 1s. 


This is due to the fact that an A atom is completely 
surrounded by B atoms and vice versa in the 
ordered state.@) On the other hand in the dis- 


ordered state 
Yo = 21s (2.4’) 


may be provisionally assumed, because an A or B 
atom in the disordered lattice must have nearest 
neighbors of both kinds and the net charge in the 
shell of the atom 
(r ~ 2r;) may be zero as a first approximation 
according to (2.1). Of course this assumption 
(2.4’) should be justified in detail, but the following 
description of Motr® for f-brass is helpful to 


neighbors surrounding an 


understand the above situation. “If a copper atom 
is completely surrounded by copper atoms, the 
charge on its atomic polyhedron will not differ 
appreciably from zero.”’ The disordered state may 
be intermediate between the perfectly ordered 
state (ro = rs) and the state of a metal block of the 
same kind (ro rs OY 79 —> ©). Thus the excess 
charge of the atomic polyhedron in the disordered 
state may be smaller than in the ordered, as MoTT 
expected, if the above boundary conditions are em- 
ployed in accordance with the state of order. [See 
later (2.6).] The numerical values due to these con- 
ditions will be given in the Section 4. 

One obtains a solution of (2.2) under the condi- 


tion (2.3) as follows, 


ne exp, —4q(’—7o);—expig(’ —1o)5 


v exp(q7o) — exp( 


~ 
q’0) 


n'e exp{—q(7—70)} —exp{g(7—70)} 


exp(g’o) — exp( — 970) 


(2.5) 
Using the Gauss theorem, one can hence calculate 
the extra charges on each polyhedron, AQ for A, 
and AO’ for B, 
2ngroe 


AQ ; 
exp(qr’o) — exp( — q7o) 
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2n’qroe 
AQ’ = _— 


—- —— ; (2.6) 
exp(q’o) — exp(— qr) 


In order to obtain the electrostatic energy of the 
system, ¢(r), the potential created by the distribu- 
tion of the above charges should be determined so 
as to satisfy the Poisson equation 


—4p(7r). 


Here the charge distribution p(r) is related to the 
atomic distribution in each lattice point and may 


V°d(r) = 


be represented in the disordered state by 
( —AQ¢4(7) | 


No| xa AQ exp 4 
| RT J 


p(”) 


‘ke AQO'$(7)\ 
+xpAQ' exp) 


kT a 


according to the Boltzmann law. No is the number 
of lattice points per unit volume, & is the Boltz- 
mann constant, and 7’ is the absolute temperature. 
In so far as the electrostatic potential may be much 
smaller than the temperature, i.e. |AQ¢(r)| < kT 
etc., (2.8) can be simplified, using (2.1), and (2.6), 


d(7) 


p(7) "= No(x ,AO* TX pAQ"?) rea (2.9) 
This simplification may be justified by estimating 
the value of AQd(r)/kT at r—>0, though the 


numerical calculation will be given in the Section 4. 
\AQ¢(r) 
kT 


AQ? 1 
sans ° (v 


kT yr 


~0). (2.7) 


From (2.7) and (2.9) one obtains 


A ( No(s sAQ?+ xpAQ’?)4zry 1/2 - 


exp i - VY 
kT } 


A( Y 
) 2 


(2.10) 


This solution resembles the familiar relation of the 
Dekye-Hiickel theory of strong electrolyte solu- 
tions. Then one can determine the constant A in 
(2.10) from continuity of the electric induction at d 
(the closest distance of approach between atomic 
spheres). For the A atom 


AO exp{—«(r—d)} 


ae (2.11) 


pa(7) 
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; 47No(x AQ? + xpAQ’?) 
ait kT 
Similarly for the B atom 
AO’ exp{—«(r—d)} 
dz(”) = — M a —, 2) 
(1+«d)r 


The probability of finding atoms of type B in a 
given lattice site at the distance, r, from the atom 
A, may be written by 
~A'ba(r) 

Pap(’) = xp exp — : 
(wf 

Substituting (2.11) into (2.13), one can obtain 

AQAQ’ exp{—«(r—d)} 


Pap(r) = xp exp] — 
4 oe vkT 


] a kK 1 


d, (2.13) becomes 
(,_ AsO” | 
d(1+x«d)kT) 


Ps B(”) =~ #5 


Hence, the number of the atoms B in the nearest 
neighbor sites surrounding the A atom may be 
given by 


= 2NB 


? AOAQ’ 
| ae 


This equation should correspond to the number of 


unlike nearest neighbors in the quasi-chemical 
theory. 
— 2X AX RU 
(zPan)e.c. ~ 2xp{ 1 — ——|, (2.16) 
q zk 
where w is the interchange energy usually deduced 


without any artifice from the excess energy of the 
alloy and its sign is negative for the present case. 


Although (2.16) is based upon the assumption of 


the pairwise interaction between nearest neighbors 
the present result (2.15) has a more sound base. In 
other words, the origin of the short range order in 
alloys is of the long range character, or it is the 


electrostatic force among the atomic polyhedra. Of 


course both equations give the same conclusion i.e. 
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the preference of unlike atoms for exothermic mix- 
ing. 

E(0)e!, the additional energy due to these 
charged atomic spheres in the disordered state may 
be evaluated by the charging process, as in the 
Debye-Hiickel theory on strong electrolyte solu- 
tions.“ ‘Then one obtains 


(x ,AQO? +x pAQ"?)« 


E(0jel = — 
2(1 +r Kd) 
The numerical application of these results will be 
given in a later section. It is to be noted that the 
energy of short-range order in alloys is not simply 
related to the excess energy as seen in (2.15). 


3. LONG RANGE ORDER 

As discussed in the foregoing section the effect 
of order in a disordered alloy can be expressed in 
terms of the charged atomic polyhedra produced 
by the effect of electron transfer. However, it is 
very difficult to extend the above procedure to the 
partly ordered state, i.e. the intermediate degree of 
order of superlattices, since the method of com- 
puting the energy of the net charge in such a state 
of a crystal is not easier than that in the completely 
ordered state corresponding to the well-established 
method in an ionic crystal. Mort’s calculation 
has been limited only to the perfect superlattice. 
Thus, the total energy of the additional charges of 
atomic polyhedra in the completely ordered state 
is, per atom, 

M,AO- AO’ 

E(1)e —— (3.1) 

2re 

where 7- is the lattice constant, WM, is the Made- 

lung number of the given crystal structure and 

AQ, AQ’ are obtained respectively by (2.4) and 
(2.6). 

Thus one can calculate the total energies of these 
extra charges of atomic polyhedra in the disordered 
and ordered states from (2.17) and (3.1). The 
energy in the intermediate degree of order in super- 
lattices should be regarded as a link between E(0)®! 
and £(1)¢! mentioned above. Therefore, it may be 
assumed that the energy of a superlattice, E(.S), 
can be expressed by such an equation as a poly- 
nomial of the degree of order, S, being defined as 
S = 1 for the completely ordered state and 
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S = 0 for the disordered, since the exact expres- 
sion of E(.S) may be very difficult. The coefficients 
in this polynomial could be determined theoretic- 
ally unless higher order terms than the fourth 
power of S are taken into account. Furthermore, 
E(S) includes AE(S)*, the energy of the closed 
shell repulsive effect associated with the change of 
order, in addition to £(.S)®!, the energy due to the 
electrostatic effect, as was shown in Mortt’s cal- 
culation of E(1). Consequently 

E(S) = E(S)*!+ AE(S)® ss 

(3.2) 
It should be noted that (3.2) is represented by 
terms of the even powers of S. This is due to the 
condition determined generally by the configura- 
tional factor in the ordered state as may be seen in 
the following. 

As the distribution of the constituent atoms A 
and B in the superlattice can be related to the 
degree of order, S, one can write the configura- 
tional factor g(S) under the simplest condition of 
the configuration by using the Stirling theorem as 


follows, @-3.1) 


\ ’ ¥ 
In oS) f(x, +x458) In(x,a+xaS)- 


va S) In(xp va) 


+(x, —xaS) In(x,—x,S)- 


vaS) In(xpt+ax5)} 


H(XxBt 
> 
war 


] 


where N is the number of atoms A and B. The con- 


figurational free energy may be given by 


F(S) kT Ing(S)+ NE(S)+ NE*, (3.4) 


where £* is the part of the energy of the alloy 
irrespective of the state of order, being composed 
of the to the 
Fermi energy, interelectronic energy, closed shell 


in the 


energy due boundary correction, 
repulsive energy, polarization energy etc. 
alloy.) It is assumed that the acoustic energy of 
the vibration of atoms is disregarded in (3.4) as in 
the usual nearest-neighbor theory.“ Of course its 
correction may be possible in principle. 

The equilibrium state of the system is obtained 


by minimizing (3.4). 
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0F(S) 


— = 0, 
os 


(3.5) 


Furthermore, at 7;, the transition temperature of 
the order—disorder, 


62F(S) 
= 0 
0S? 


@F(S) a 0 
0S8 

are satisfied.“1,28) From (3.2) and (3.5) 
485+ 8yS3 


(xa +xaS)(xp+%45) 
NA In — 


(x Yeas va S)(xpB— x S) 


It is readily found that the terms of the first power 
of S in (3.2) should vanish from (3.7) at S = 0. 
Additionally (3.5) and (3.6) require that the order- 
ing energy E(S) is an even function of S from the 
value of the configurational factor (3.3). Thus one 
may define the expected equation as (3.2). 

Putting S = 1 in (3.2), one has 


E(1) = E(1))+AE(1)2 (3.8) 


P Ota 
tT, 


hand, S=0O gives, putting 


On the _ other 
AE(0)# (0), 


E(0) = E(O)e! = «. (3.9) 
This means without loss of generality that the 
change of the energy of the closed shell repulsion 
associated with the change of order is measured as 
the deviation from that in the disordered state. 
From (3.6) at the transition temperature one ob- 
tains 
x kT, 
(3.10) 
2xB 


From (3.8), (3.9) and (3.10), E(.S) leads to 
vakT, 
E(0)e! | 
: 


LXP 


S24 


vakTe) 
4, 


} Ie Llel+Ak(1)F— F(0)e!4 
| 2xB 


(3.11) 


From this E(.S) can be determined as long as 
E(0)e!, £(1)e!, AE(1)# and 7, are known. AE(1)* 
can be calculated on the basis of the Born—Mayer 
method, and £(0)*! and E(1)®! can be evaluated by 
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means of (2.17) and (3.1). However, 7 must be 
determined from the experimental result as seen in 
the usual methods of statistical mechanics. Of 
course in the most exact method of calculating 
(3.11) the coefficient 8 could be obtained without 
reference to experiments. 

It should be noted that if 


xakT. 
E(S) = E(S)*!1+AE(S)® = E(0)e!— [- — 


c 

vy) 
coves, 
LXB 


(3.12) 


the same analytical equation as in the famous 
Bragg—Williams approximation™-%) may be ob- 
tained without using the nearest-neighbor inter- 
action theory. The last term in (3.2) and (3.11) 
xakT 
y = E(1)e!+AE(1)®— E(0)e!+- —— (3.13) 
2xB 

should give the deviation from prediction of the 
simple theory, corresponding to the Bragg- 
Williams approximation. Previous investigators, 
namely BeTHe”?), FowLeR and GUGGENHEIM), 
and others, -%) have tried to obtain a correct result 
by improving estimation of the partition function 
on the basis of the principle of the neighbor pair- 
wise interaction models at a given transition tem- 
perature. However, the correction (3.13) in the 
present theory needs E£(1)*! and £(0)* from the 
principle of the electrostatic interaction of atomic 
polyhedra, AF(1)* from knowledge of the closed 
shell repulsive force and 7;, the transition tempera- 
ture.* 

It is of considerable interest to obtain a formula 
for the atomic heat capacity of the alloy as a func- 
tion of temperatures in the neighborhood of the 
transition point from the viewpoint of the present 
theory since the superlattices show the so-called 
lamda transition, i.e. the anomalous heat capacity. 
For brevity, the discussion is limited to the alloys 
having the composition of one to one, since the ex- 
perimental data of the specific heats of alloys are 


* G. Borettus (Ann. Phys. 20, 57 (1934)) has derived 
a general form such as (3.2) for the ordering energy 
without utilizing the nearest-neighbor assumption, but 
it has the disadvantage of restricting most of the results 
to generalities and thus not giving material which can be 
directly compared to experiment. The present equation 
based upon the principle of the quantum mechanical 
electronic theory of metals is free from these difficulties, 
as seen in Section 4. 
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very well established in f-brass. Consequently 
x, = xp = } in (3.7). Differentiating (3.2) with 
respect to temperature one has the configurational 
atomic heat capacity 


dE(S) 
a 


dS 
= 25 —(B+2yS2). (3.14) 
aT 


At T — T;, after a straightforward calculation one 
obtains 


: =f 12{E(1)— E(0)+(kT-/2)} 
,=eo + - —_——_— - 


2 k Fe 7 


adopting (3.11) in place of (3.2). When (3.12) is 
satisfied, it follows that 


lim C = 1-5. 3. 
zim, 1-5k (3.16) 


? 
This is the well-known result of the Bragg— 
Williams approximation. Numerical calculations of 
these results will be given in the subsequent sec- 
tion. 


4. DISCUSSION OF THE RESULTS 

Here the consideration of the foregoing results 
is applied mainly to the 8-brass superlattice as well 
as to the Cu—Zn disordered alloy, those being well- 
established experimentally.44-1© No exact value 
of the screening constant which is necessary to cal- 
culate the effective charges of the atomic polyhedra 
in accordance with (2.6) has been obtained in the 
present concentrated alloys. Therefore, only the 
order of magnitude of the present results is 
evaluated on the basis of provisionally given 
Mott’s calculation.“ Thus, 


1-46 A, re = 2:95 A and n = 


values used in 
1/q = 0°37 A, rz = 
—n' = }. 

For the excess charges one obtains AQ = 
—AQ’ = 0-075e in the ordered state from (2.4) 
and (2.6). On the other hand AQ = —AQ’ = 
()-0034e in the disordered state from (2.4’) and 
(2.6). 

Here, the condition (2.7’) which is necessary to 
simplify the calculation for short-range order can 
be evaluated near the transition temperature 
(742°K). The result is as follows. 


IAQ. 4()|_ AQ? 1 
kT. Ri, @ 


lim ~10% < 


rod 
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which is the upper limit of the powers in the ex- 
ponential in (2.8). Therefore, the simplification 
given in the Section 2 may be reasonable. 
Furthermore, one has £(0)*! = —4x10-%eV 
for the electrostatic energy of the disordered alloy 
near the transition temperature. Morr has already 
calculated E(1)¢! —2-7x 10-2 eV for that of the 
completely ordered state. Hence the calculated 
difference of the electrostatic energy between the 
disordered and ordered state is expressed by 


E(1)e!1— E(0)e! = —0-027 eV (4.1) 


The contribution due to the exchange repulsive 
force between ions in addition to the electrostatic 
effect should be taken into account, as seen in the 
discussion with respect to (3.2). Using Mortt’s 
estimation, this correction gives an increase of the 
energy by AE(1)® = —0-013eV.4 Then the 
difference of the total energy is given by 


{E(1)— E(0)}ineor. = — 9-040 eV (4.2) 
in agreement with Mort’s old result. This is due 
to the reason that E(0)°! is negligibly small owing 
(2.4). The ex- 
estimated as 


to the boundary correction 


perimental value is roughly 


follows :(1,4,14,15) 


{E(1)—E(0)}ons = —0-03 to —0-04 eV. (4.3) 
The calculated result (4.2) is in agreement with the 
observed value (4.3), but only the order of magni- 
tude of the result is meaningful in view of the 
present assumptions (for example for the values of 
ro, g and n etc.). 

On the other hand, according to the theory of 
BraGG and WILLIAMS, 


{E(1)- E(0)}3 w. = w/e ~ —O0-]1 eV, (4.2’) 
since w(obs.) = —0-38 eV from the calorimetric 
data with respect to the heat of mixing.“® Con- 
sequently the result of Bragg—Williams’ formula 


based upon the nearest-neighbor interaction model 


is much larger than the observed value. 
Furthermore it should be noted that in 
Bragg—Williams approximation 


the 


7) 
A 


(4.4) 


is not in agreement with the calorimetric data. In 


SHIMOJI 


other words, w(B.W.) = —0-13 eV because 7, = 
742°K in (4.4) in spite of w(obs.) = —0-38 eV. 
Similar discrepancies will be found in more refined 
treatments based on the pairwise interaction model, 
for example in the quasi-chemical theory 


(4.4) 


y 
“a 


w= —(kT;2) In(- — ) 
2 

which gives w(Q.C.) = —0-15eV for z= 8, 
—0-15eV in Li’s theory,“ —0-16eV in the 
theory of Kurata et al,“8) and —0-17 eV in 
Doms’s“%, Hence, the expected interchange 
energies from the transition temperature on the 
basis of the neighbor interaction model may be 
only one-third (or one-half) of the observed values, 
or the expected transition temperature may be 
three times (or twice) the observed. Therefore, it 
follows that the excess energy in -brass cannot be 
related quantitatively to the ordering energy of the 
superlattice in the framework of the neighbor pair- 
wise interaction models. However, the present 
treatment may give a reasonable order of magni- 
tude of the calculated ordering energy independent 
of the transition temperature. 

The degree of the short-range order in the dis- 
ordered state can be calculated on the basis of 
(2.15). 

AQAQ’ 


1— - ~ 1-001 for 79 = 275 
d(1+xd)kT, 


(4.5) 


in the one to one Cu—Zn alloy. On the other hand 
according to the quasi-chemical theory of the 
nearest-neighbor pair interaction model one ob- 
tains 


2X AX RW 


2Papn = 1- ~ 1-4(0.C.) (4.5) 


ghkT. 


Thus, the values of short-range order in alloys may 
be obtained by estimation of the electrostatic inter- 
actions between ions without respect to the nearest- 
neighbor interaction model, though the value 
depends upon ro (for example 2P,4p = 1-1 for 
ro = 1s). 

As is well known, the anomalous specific heat in 
the neighborhood of the transition point cannot 
quantitatively be explained in terms of the pair- 
wise interaction model because of too low values of 
the calculated results.¢~%) The present point of 
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view can be examined by using (3.15), if one knows 
the value of y (3.13). Of course, 1-5 stands for 
y = 0, as noted in (3.16). The experimental result 
shows about 5k. The present result can serve as a 
good answer for the specific heat of the -brass 
superlattice, if y ~ —0-004eV which may be 
reasonably expected in the present discussion. On 
the other hand in BETuHe’s theory 1-78 is obtained, 
in Kirkwoop’s9) 2-2k. Though an exact solution 
of order—disorder transition of the two dimensional 
Ising model developed by ONSAGER®!) shows that 
the specific heat at the transition temperature 
should be represented by a logarithmically infinite 
value this conclusion may have no sound base for 
physical phenomena as noted by Rice®?), At any 
rate one could obtain a reasonable value for the 
specific heat on the basis of the present model if 
one calculates the difference of the ordering energy 
between that in the perfectly ordered state and that 
in the disordered. In more improved treatments 
the expression (3.2) should be evaluated without 
using (3.10) and the transition temperature should 
be predictable without reference to any experi- 
ment. 

In principle the present discussion is applicable 
to most alloy systems in addition to the Cu-Zn 
alloy. Then one should remember that the agree- 
ment between the measured thermodynamic 
activities in Au—Cu alloys and the calculated values 
from the data of short-range order on the basis of 
the quasi-chemical approximation may be fortuit- 
ous.) This may be true since the activity, simply 
related to the free energy of mixing rather than the 
energy of mixing, is influenced by many factors 
such as the change of the boundary condition, 
Fermi energy, interelectronic energy, closed shell 
repulsive energy, polarization energy etc., as 
shown in the author’s discussion with respect to the 
excess energy of binary alloys.) Of course, it is 
also important to consider the effect of the excess 
entropy upon the activity. The ordering energy 
will be only a part of the total excess energy, and as 
a result of the combined effects a fortuitous agree- 
ment could be obtained between the amount of the 
excess energy and that of the ordering energy. Here 
one considers the Au—Cusg alloy in accordance with 
a method corresponding to (4.4). The pairwise 
interaction model predicts that we.c.o, = —7:32 
kT, in the zeroth approximation of the quasi- 
chemical theory and woe.c.1. = —14:593 kT; in 
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the first approximation.@%) Thus we.c.o, = —9-7 
kcal and we,¢,1, = —19 kcal because T, = 664°K, 
while experimentally it equals about —6 kcal.(® 
Thus, the calorimetric data do not agree with the 
predicted values based upon the quasi-chemical 
theory. Similar comparison could be made for the 
Au-Cu and Aug—Cu alloys. 

Thus the usual pairwise interaction models 
might overestimate the role of the excess energy in 
the order phenomena of alloys. Physically, the 
energy of order may have its origin mainly in the 
electrostatic interaction of atomic polyhedra caused 
by electron transfer associated with stabilization of 
the total energy of the alloy. A quantitative solu- 
tion of the order effect of alloys (both long-range 
and short-range order) could be made along the 
present line of approach rather than along the 
usual one of computing the partition function on 
the basis of the (short distance) pairwise interaction 
model. Finally it is to be noted that the present 
treatment should be regarded as an auxiliary work 
to the author’s previous paper,®) in which the 
effect of order was disregarded in the discussion of 
the excess energy of disordered alloys. 


APPENDIX 


According to the electron transfer theory for the 
excess energy of alloys developed in the previous paper 
(1), the total energy of the A—B alloy may be repre- 
sented by 

( 3Kzy" RV(y.)\ 
E(rs) = wa) Zacoa(s) + —-——- +E (7s) + 
3KZy5 Oy 
+xp\ Zpeon("s) + - —,—+ ER (7s); + AERV + 
pe i J 
K(Z2/3— Z2/3) 

7. B A )| 
+ nx A con(?s) = eoA(/s) + = | + 
7. 


XA Xx pk XA K 
ro ed | 
x 3Z18y8 3 Zh 3° 


s 


(1.4.2) 


when n, being related to the extra charges of atomic 
polyhedra, is small compared with Z;, the valence of the 
i atom. €0,(rs;) is the lowest energy of the valence elec- 
trons of the atom 7 under the condition of 7; being the 
average radius of atomic polyhedra in the alloy. K is 


defined by 


(1.3.3) 


h2 
8m* \ 472 
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where h is the Planck constant, m* is the effective mass 
of electrons. E;?Y and AE®Y denote energies due to the 
closed shell effects. The factor m in (1.4.2) is determined 
by 


0E(rs, n) 


0. (1.4.3) 


con 


Hence, one obtains 
372xR {eon(7s)—€oa(%s)+ K(Z2/3— 2? 3)/r2} 
>) ae v,/Z1/3 z c _ 
2K (xa/Zh, )+(«p Zz‘ ) 


(A.1) 
and from (2.1) 
3r°xA 
2K 
{eon(7s)—€0a(7s) + K(Z2/2— 22’) ir 
(XA 25°) + (xB Zi di, 


x 


(A.2) 


In the Au—Cu alloys, probably €oau(7s) < €ocu(7s), 
because the ionization potential of gold is large compared 
with that of copper and Zau Zeu 1. Consequently 
n> 0 and n’ < 0, when A = Cu and B Au. €9; in 


alkali metals may be represented by 
€0i b——, A.3) 


according to FROHLICH*. However, this expression must 
rigorously be examined in noble metals since more exact 
treatments due to the cellular approximation of metals 


are not always satisfactory in these systems. 


* FrOHLICH H., Proc. Roy. Soc. A 158, 97 (1937). 
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Abstract—The drift mobility of electrons and holes has been measured in the temperature range 
from 20°K to 300°K in samples of germanium containing impurity concentrations from 7 x 1012 
cm~3 to 4 x 1015 cm~3, Conductivity measurements were also made. Below about 100°K the observed 
minority carrier mobility is less than the mobility calculated from the effects of scattering by phonons 
and ionized and neutral impurity atoms. The discrepancy, which is greater than a factor of 2 in some 
circumstances, has been attributed to electron-hole scattering. It is proposed that the unexpectedly 
large effect of electron-hole scattering is due to a drag exerted on the minority carriers by the 


majority carriers when an electric field is applied. 


Qualitative observations on the drift mobility of electrons have been made below 20°K. There is 
no evidence that electrons remain localized about the same minimum in k space for the duration of a 
transit time (4 psec). An extreme example of conductivity modulation of the injected distribution of 


carriers has been observed to occur when impact ionization is taking place. 


1. INTRODUCTION 


measurement of the transit time of 


THE first 
minority carriers injected into germanium was per- 
formed by Haynes and SHOCKLEY in 1949, A 
more sophisticated version of the experiment was 
presented in 1951.@ In this, which is now called 
the conventional drift mobility experiment, the 
drift mobilities of both holes in n-type and elec- 
trons in p-type material were measured at room 
temperature. The first drift 
mobility below room temperature were reported 
by LawreNce®), His observations were confined 
to the drift mobility of holes in the temperature 
range 100-360°K, where he found that the tem- 
perature dependence of the lattice mobility fol- 
lowed a T~2°3 law. Prince) confirmed LAWRENCE’s 
observations on holes and obtained data on the drift 
mobility of electrons in the temperature range 


measurements of 


150-370°K besides measuring the variation of 


mobility with resistivity at room temperature. 

In general there was disagreement between both 
the value and the temperature dependence of the 
mobility deduced from the Hall effect and from the 
drift mobility experiment. Subsequent experi- 
ments have confirmed the drift mobility results 
and have shown that the interpretation of the Hall 


effect is complicated by the nature of the band 
structure of germanium.) This serves to empha- 
size the advantage of the drift experiment as a 
direct method of determining mobility. 

Another difference between the Hall effect and 
the drift mobility experiment is that the majority 


carrier mobility is determined from the Hall effect 


while the minority carrier mobility is determined 
from the drift experiment. It is, of course, the 
majority carrier mobility which is relevant to the 
conductivity. 

Normally the mobility of a particular type of 
charge carrier is assumed to be independent of 
whether that charge carrier is a minority or major- 
ity carrier. However, a distinction does become 
necessary when carrier—carrier scattering is con- 
sidered. A majority carrier is scattered by lattice 
defects and by other majority carriers. As DEBYE 
and CONWELL") have pointed out the scattering of, 
say, an electron by other electrons does not affect 
the total momentum of the free electrons but only 
alters the distribution of momentum though this in 
turn can affect the mobility if the momentum re- 
laxation time is energy dependent. Scattering of a 
majority carrier by other majority carriers is there- 
fore a second-order effect. In contrast, scattering 
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between charge carriers of opposite sign can pro- 
duce a change in the total momentum of both types 
of carrier. As a result the mobility of minority 
carriers can be significantly affected by scattering 
by majority carriers, i.e. in the drift mobility ex- 
periment the effect of carrier—carrier scattering can 
be important. 

For convenience the following notation will be 
introduced. The mobility of minority electrons, of 
minority holes and of minority carriers in general 
will be denoted by jie, wa and pie respectively. The 
mobility of majority electrons, of majority holes 
and of majority carriers in general will be denoted 
by 0, Hy and py respectively. 

In previous measurements of the drift mobility a 
distinction has not been made between pe and pg 
for a particular type of carrier. ‘This has been 
permissible because the drift mobility experiments 
have been carried out in such temperature ranges 
and on such material that the effect of carrier 
carrier scattering was small. An exception is the 
work of Prince on heavily doped germanium at 
room temperature. He has taken the scattering by 


majority carriers into account by assuming that 


their effect is identical to scattering by ionized im- 
purity atoms. Another experiment in which the 
effects of electron-hole scattering was important 
was the measurement of the conductivity of ger- 
manium at high temperature by Morin and 
Marra), They incorporated the effect of electron 
hole scattering into their analysis by assuming that 
the ionized impurity scattering formula applied, 
with the modification that the mass of the scattered 
particle iS replaced by the reduced mass of the 
electron and hole. PRINCE and Morin and Malta 
were able to get reasonably good agreement be- 
tween theory and experiment. However, in both 
experiments electron-hole scattering played a 
minor role in reducing the mobility since the effects 
of phonon scattering were large. 

In the experiment to be described we have 
deliberately set out to make detailed measurements 
of we in a temperature and concentration range 
where it is reasonable to expect, if the behaviour of 
electron-hole scattering is similar to ionized im- 
purity scattering, that electron-hole scattering will 
be comparable in magnitude with ionized impurity 
and phonon scattering. The measurements have 
been made in the temperature range 20°—300° K on 
n- and p-type germanium containing impurity 
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concentrations varying from 7 x 10!2cm-%to 5 x 1015 
cm~*, Conductivity measurements have been made 
simultaneously on some samples. An examination 
of the observations reveals that electron-hole scat- 
tering has an appreciable effect on y, and dominates 
the mobility in the more impure specimens. The 
results show that electron-hole scattering lowers 
the mobility more than the amount predicted by 
the ionized impurity scattering formula as used by 
PRINCE or as modified by Morn and Marra. As 
explained in Section 4 this is principally due to the 
neglect of the drag which can be exerted on the 
minority carriers by the majority carriers. The de- 
tailed analysis of the experimental results is not 
attempted in this paper, but has been carried out 
by McLean and Parce®) and will be presented in a 
subsequent paper.“ These authors have derived 
expressions for both pe and py incorporating 
carrier—carrier scattering. The treatment, based on 
the Boltzmann transport equation, is applicable 
only in certain ranges of temperature and free 
carrier concentration but the experimental ob- 
servations presented in this paper fall within these 
ranges. 

In Section 5 some qualitative observations of 
ue below 20°K are discussed. The attempt 1s 
described—and reasons for its failure given—to 
observe the transport of electrons which have re- 
mained in the same energy minimum in momen- 
tum space during the transit time. Finally an 
extreme conductivity modulation effect which can 
occur at very low temperatures 1s described. 


2. EXPERIMENTAL TECHNIQUES 
The method of measuring the minority carrier 
mobility is based on the techniques developed by 
Haynes and SHock.ey®). There are some small 
but important differences to facilitate measure- 
ments at low temperatures. These are 
the use of alloy junctions for all contacts 
to the specimen, 
the use of an /h junction for the collector 
instead of the conventional pn junction, 
the pulsing of the sweep field, the emitter 
current and the collector bias, 


the illumination of the specimen with 
light in the absorption edge. 
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The reasons for these modifications are as follows. The 
use of alloyed junctions enabled contacts to be made to 
the specimen which were reproducible and mechanically 
reliable. The replacement of the conventional pn junc- 
tion collector by an /h junction was made at the sugges- 
tion of Dr. A. F. Grsson of this laboratory. Its advant- 
ages were that it maintained its efficiency and had a 20 
Mc/s bandwidth over the complete temperature range. 
The use of a low resistance collector necessitated pulsing 
of the collector bias to minimize the power dissipation 
Illumination of the specimen by light in the absorption 
edge quenches trapping effects by saturation of the 
traps.‘3) It was necessary to illuminate all samples at low 
temperatures to prevent trapping affecting the mobility 


2.1 Specimen fabrication and mounting 

Filaments of germanium were cut perpendicular to the 
growth axis of ingots specially selected for long lifetime 
and uniformity of resistivity. Germanium doped with 
arsenic or gallium was used ranging in resistivity from 
intrinsic to about 1 2 cm. Typical dimensions of the 
filaments were 13 x 0-8 x 0-8 mm?, The specimens were 
ground and then etched in H2QOz at 60°C for at least 2 hr 
to remove surface damage caused by sawing and grind- 
ing@1) and hence to keep the surface recombination 
velocity low. A large area non-injecting contact was 
alloyed to one end of the filament. This contact was of 
gold with about 1 per cent of a suitable group 3 or 5 
element (Sb or Ga) to form an /h junction to the ger- 
manium. The voltage probes of 0-005 in. gold wires, 
suitably doped to form /h junctions, were alloyed to one 
side of the germanium filament. The emitter and col- 
lector were formed by alloying 0-002 in. doped gold wire 
to the opposite side of the filament. ‘They were separated 
by 6 mm to 10 mm. The diameters of the emitter and 
collector junctions were about 0-1 mm and the voltage 
probes had a junction diameter of about 0:2 mm. 

The filament was soldered by one end to a block of 
oxygen free copper plated with rhodium. Since this was 
the only point of support for the filament, strain effects 
on the mobility(:!2) were avoided by placing the emitter 
and collector sufficiently far away from this end 
Together with the non-injecting contact the connection 
to the copper block forms the contacts through which the 
sweep current was passed. Wires passing through in- 
sulating supports in the copper were soldered to the gold 
junction wires; this completed the formation of a com- 
plete unit. Before making a set of observations the com- 
plete unit was given a final etch in H2QOg for several 
minutes. By this procedure etching around the junctions 
was carried out when the junctions were supported and 
it enabled the time between etching and placing the 
specimen in vacuo to be reduced to a minimum. 


2.2 The low temperature and electrical apparatus 

The copper block supporting the specimen was mated 
to another copper block on which a platinum resistance 
thermometer was wound. This was suspended near the 
bottom of a vertical glass tube, the leads passing through 
metal—glass seals at the top of the tube. There were pro- 
visions for evacuating the tube to a pressure of 10-° mm 
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of mercury and for admitting an exchange gas. The tube 
was surrounded by two Dewars both having side slits in 
their silvering through which a beam of light could be 
passed and focussed onto the specimen. 

A sweep pulse was applied to the filament, and a 
current-measuring resistor in series with it, from a 
generator which triggered the oscilloscope and two other 
pulse generators. These two generators produced the 
emitter pulse and the collector pulse. The procedure 
generally adopted was to adjust the collector bias and the 
sweep field so that the signal they produced across the 
collector load approximately cancelled. ‘This enabled 
greater amplification of the collector arrival signal with- 
out overloading the amplifiers. ‘The measurement of the 
sweep field was made before the minority carriers were 
injected into the specimen. It was important to have the 
collector bias applied during the field measurement and 
throughout the time the minority carriers were in transit 
since in some circumstances, because of the collector’s 
low resistance, the collector bias had an effect on the 
field in the specimen. 

A pulse repetition frequency of 50 sec~! was used. 
Below 100°K the sweep field and collector bias pulses 
had a duration of 10 psec or less. The emitter pulse was 
of 0:2 usec duration and had a rise time of 0-1 usec. The 
bandwidth of the amplifier and oscilloscope was 20 
Me/s. 


2.3 Measurement procedure 

From the transit time, t, the separation between the 
emitter and the collector, /, and the field in the specimen, 
E, the minority carrier mobility can be calculated. 


He Ite. (1) 


In practice the determination of neither the appropriate 
E nor t is a straightforward procedure. In addition, in 
near-intrinsic material a distinction has to be made be- 
tween the drift velocity of the group of injected carriers 
and the drift velocity of the minority carriers.) 

The difficulty of determining EF is due to non-uni- 
formity of the distribution of impurities in the crystal. 
HAYNES and SHOCKLEY") have presented an approximate 
method of correcting for this by potential probing along 
the specimen and carrying out an appropriate averaging 
procedure. Strictly it is necessary to determine the 
correction at several temperatures. For a high resistivity 
sample the irregularities in the impurity distribution are 
smoothed out to some extent by the intrinsic carriers, at 
low temperature the irregularities would be apparent. 
On the other hand the nature of the scattering mechan- 
ism of low resistivity samples changes appreciably on 
cooling; impurity scattering becomes more important. 
The result of this is that the field becomes more uniform 
at low temperature. It was found possible to make 
potential measurements only at room temperature and, 
although in all cases the correction necessary was at 
most only a few per cent, to apply this correction at low 
temperature is a potential source of error. 

The transit time is affected by trapping‘) of the in- 
ecjted carriers. The onset of trapping is marked by a 
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temperature 


are to clarify 


When this 
level of 


intensity 


the collector signal 
d; the 


higher 


characteristic skewing 


j 


occurred the illuminate 


specin 
was so adjusted that a 


le change in the transit time of the 


illumination 
produced no observal 
munority Carriers 
The time is 
modulation To overcome this difficulty 


transit affected also by conductivity 


several ob- 
transit time were made at a particular 
currents 


servations of the 
field 
From plots 
of the transit time, the 


and temperature for different emitter 


of the emitter current against the 


in the absence of 


square root 


transit timé¢ 


conductivity modulation was obtained by linear extra- 


polation to zero emitter current. It is shown in the 


appendix that a linear relation should exist between 


Corrections for the presence 


emitter current and 4/1 


of intrinsic minority carriers, using equation A2 of the 
appendix, are only important at or just below room tem- 


perature in the higher resistivity samples. 


2.4 Experimental error 
The error in determining the 
between probes was taken as half the diameter of a single 


probe. This led to a typical error of 2 per cent in estimat- 
ing the separation between voltage probes and 1 per cent 


effective sé paration 


The full curve shows a p xc T 
the trends of the experimental points 


1. The variation of the minority carrier mobility of electrons with 


1-66 


The broken curves 


in estimating the separation between the emitter and 
collector. The voltage appearing between the voltage 
probes was measured within an error of 2 per cent and 
the transit time within an error of } per cent. Thus, 
neglecting systematic errors due to inhomogeneity of the 
crystal, the experimental error in obtaining the mobility 
was about 6 per cent. The error in measuring the tem- 
perature was less than 1 per cent. The mobility tem- 
perature curves were reproducible within these limits. 
The estimated experimental error in the measurement 
the conductivity was 5 per cent and it is also subject 


systematic errors due to inhomogeneity of the crystal. 


THE VARIATION OF CONDUCTIVITY AND 
MINORITY CARRIER MOBILITY WITH 
TEMPERATURE 

The restrictions in temperature range over which 
measurements of jie were made were imposed by (i) 
lifetime, (ii) field dependence of mobility and (iii) 
conductivity modulation. A specimen having a 
lifetime of about 100 psec at room temperature 


had typical lifetimes of 2 sec at 77°K and } to 
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Fic. 2. The variation of the minority carrier mobility of holes with 
temperature. The full curve shows a p « T~2'33, The broken curves are 
to clarify the trends of the experimental points. 


1 psec at 25°K. As a result of the low lifetimes at 
low temperatures sweep fields of between 5 V cm7! 
and 10 V cm~! were used. It was found that in such 
sweep fields, at some temperature below 30°K 
depending on the impurity concentration, the 
mobility and conductivity became field dependent. 
In general pe decreased with field and yp increased 
with field, though the field dependence of both 
mobilities was weak. The field dependence arises 
from a change in the ionized impurity concentra- 
tion produced by impact ionization and an increase 
in the mean energy of the free carriers.6) Observa- 


tions presented in this section are independent of 


field except the few made below 30°K on the lower 


resistivity samples. 


3.1 The mobility of minority electrons 

Fig. 1 shows the observed values of je in the 
temperature range 20°K to 300°K in four p-type 
crystals. The room temperature, extrinsic, free 
carrier concentrations of the crystals are incor- 
porated in Fig. 1. The observations on the lowest 
resistivity sample were restricted by its low life- 
time; observations below 100°K were difficult and 


became impossible below 80°K. Trapping effects 
were observed but, in general, were not sufficient 
to prohibit measurements. An idea of how small 
the effect of trapping on the mobility was can be 
gained from observations on $.14, where the differ- 
ence between mobilities with and without satura- 
tion of the traps was less than 5 per cent. Of the 
crystals on which observations were made the 
highest resistivity crystal, 5.13, was unique in 
displaying a large amount of trapping in a limited 
temperature range—between 100°K and 200°K. In 
this range it was not possible to determine the 
mobility because even with the specimen illumin- 


3-2 The mobility of minority holes 
The mobility of minority holes has been mea- 
sured in four crystals and the variation with 


temperature is shown in Fig. 2. As in the case of 


p-type crystals, measurements are limited on low 
resistivity samples by low lifetime. The high purity 
crystal, $.20, which was supplied by Mr. I. G. 
CreEssELL of Marconi’s Wireless Telegraph Co. 
Ltd., was unique in that precision measurements 
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Fic. 3. The variation of the conductivity of n-type germanium with 
temperature. The broken curves are to clarify the trends of the experi- 
mental points. 


CONDUCTIVITY (OHM 








50 
TEMPERATURE (°K 


Fic. 4. The variation of the conductivity of p-type germanium with 
temperature. The broken curves are to clarify the trends of the experi- 
mental points. 
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of mobility were impossible above 60°K because of 


distortion of the arrival signal due to conductivity 
modulation and end contact effects. 

Trapping of minority carriers in n-type material 
was more apparent than in p-type samples but by 
suitable illumination it was always possible to 


saturate the traps. 


3.3 The conductivity of n- and p-type crystals 
Measurements of the conductivity were made on 
the same crystals as were used for the drift mobility 
measurement. Detailed measurements were per- 
formed on some specimens, on others the con- 
ductivity was measured only at 77°K and 90°K. 
The results obtained from the detailed measure- 
ments of conductivity as a function of temperature 
are shown in Figs. 3 and 4. The results were ob- 
tained with the samples in the dark. Illumination 
to the level necessary to eliminate trapping effects 
caused changes in conductivity of up to 4 per 


cent, 


4. DISCUSSION OF THE VARIATION OF MINOR- 
ITY AND MAJORITY CARRIER MOBILITY WITH 
TEMPERATURE 

The general trend of the results of the measure- 
ments of ye presented in Figs. 1 and 2 is as we 
might expect. Between room temperature and 
100°K there is a rapid rise in mobility due to the 
decrease in phonon scattering. For temperatures 
below 100°K the rate of change of mobility with 
temperature is reduced. It becomes strongly de- 
pendent upon the resistivity of the crystal due in 
part at least to the increasing influence of impurity 
scattering as the crystal is cooled. 

Taking the lattice mobilities at 300°K obtained 
by Prince® as 3900 cm? V-!sec! and 1900 
cm? V~! sec~! for electrons and holes respectively 
and a lattice mobility temperature law of 7~!:6 for 
electrons and 7-2-3 for holes“? we obtained a 
mobility temperature dependence shown by the 
solid curves in Figs. 1 and 2. This temperature 
variation is followed closely by the high purity 
samples between 300°K and 150°K with the ex- 
ception of $.19 (Fig. 2). It is in the temperature 
range below 150°K that we can expect electron 
hole scattering to be significant, hence we shall dis- 
cuss this range in some detail. A relaxation time 
will be calculated including scattering by neutral 
and ionized impurity atoms and by phonons 
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(defect scattering). This will be used to compute 
fe and the conductivity. The comparison with the 
observed conductivity will show if an adequate 
description of the defect scattering mechanisms has 
been given, then, if the description is satisfactory, 
comparison between the calculated and observed 
minority carrier mobility will reveal the importance 
of electron-hole scattering. It will become apparent 
that differences of a factor of two or more exist 
between the calculated and observed p,, accord- 
ingly it is not necessary to estimate the defect 
scattering to better than, say, 10 per cent or 20 per 
cent in order to display this difference. Therefore 
the attitude adopted in this paper is that a simple 
treatment of defect scattering will suffice, leaving a 
more thorough discussion of defect scattering to be 
given in a subsequent publication,“ where, in 
fact, much of the simple treatment will be justified 


empirically. 


4.1 Defect scattering 

In view of the above shall 
assumption in calculating the mobility that the mass and 
we replace the popu- 


remarks we make the 


relaxation times are isotropic, 1.e. 
lated constant energy surfaces with spherical constant 
energy surfaces. We take the conductivity mass of the 
multivalley model, 0-12 mo, for the mass in the present 


(10) We shall concentrate on obtaining a relaxation 
follow the 


case. 
time for electrons primarily because they 
dependence for acoustical 
T~! more closely than do 


theoretical temperature 
phonon scattering of p « 
holes. 

The relaxation time for phonon scattering, 7 
assumed to be given by 


L/tp = peT tly, (2). 


where wv is the velocity of the electron and pe is a para- 
meter measuring the strength of phonon scattering of 
electrons which is determined from the known lattice 
mobility at 300°K. In this simplified expression for 
phonon scattering we have assumed that the departure 
1-9 Jaw is not due to a change in the velocity 
‘1-66 Jaw 


from the 7 
dependence of the relaxation time and that 7 
extends throughout the temperature range. In the classical 
approximation, which is valid over the concentration and 
temperature ranges of the experimental results presented 
in Section 3, CONWELL and WErIsskoPF(!®) give the re- 
ciprocal of the relaxation time for ionized impurity 
scattering as 
4ekT d*\2 

3 In} 1+ | (3) 


e2 


2re4 
TI] = N * a) 
e2m-* 


where & is Boltzmann’s constant, m is the effective mass 
of the electron, € is the dielectric constant of the material 
and N* is the concentration of ionized impurity atoms 
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(calculated in Section 4.2). d* is a distance beyond which 
the interaction between the free carrier and the impurity 
atom We shall this distance to be the 


Debye screening length, 


carrier concentration, for consistency 
In the tem- 


is cut off. take 


ek 7 
A 47ne* 


vhere n is the free 
with calculations in subsequent papers.‘” 
perature and concentration ranges of interest this choice 
of d* produces a very small change in 7; compared with 
taking d* the 


For neutral impurity scattering ERGINSOY 


mean between impurity 


as 


separation 


19) has 


atoms 


given the following expression 


20h 
R(N (4) 


m 


bound carrier 


The 


orbit of the 


IXOHN 


radius of the 


R is the 


which has been estimated by 


whe re 
mobility 
reciprocal relaxation 
the 


by summing the 


times and the 
distribution in the appropriate manner 


was calculated 


averaging resultant 7 over carrier 


4.2 Conductivity 
In order to calculate the conductivity from the mobility 


it is necessary to calculate the free carrier concentration 


as a function of temperature. The free carrier concen- 
tration is also required to estimate the concentration of 
ionized impurity atoms. Hence the concentration of both 
electrons in n-type and holes in p-type are required in 
estimating the 7 of 
Between 20°K and 150°K, we take the free carrier con- 


majority and minority electrons 


centration to be given by 


(5) 


is the concentration of impurity atoms and 


where N 


22-1 exp(—e,/kT) a (2xmp,kTh-*)3/2, 


Here €; is the ionization energy of the impurity atoms, 

is the degeneracy of their ground state, 7 runs over the 
band edge points in k-space, and mp is the density of 
states effective mass at each band edge point. By writing 
n in this form we have assumed that the degeneracy of 
the ground state of the impurity atom is not lifted to a 
significant extent. Although the determination of the 
free carrier concentration as a function of temperature 
the Hall effect’) is not sufficiently accurate to 


the degeneracy is decreased the 


irom 
cecide to what extent 
observations are well represented by equation (5) using 
the appropriate values for the parameters 

For the conduction band we have mp 0-22mpo,'?? 
the summation extending over 4 equivalent minima in k 
2 x4. For the valence band there are two 
0 having mp, 


0-36mpo;'°9) the value of g pA 


space, and g 
band edge points coincident at k 
0-045mo and mpx 
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The n-type crystals were doped with As, the p-type with 
Ga, which have values of €7 of 0°0127 eV and 0-0108 
eV(°°) respectively. 

The use of equation (5) is only valid provided com- 
pensation is negligible. We assume this condition is ful- 
filled at present, leaving a discussion of the possibility of 
compensation till the next section. Since compensation is 
assumed negligible nN”. 

Fig. 5 shows the conductivity of an n-type crystal 
as a function of calculated for 
N = 6°1x 1014 cm-3, 
of an n-type crystal for which Np—Ny = 


temperature 
The observed conductivity 
6-1 x 
< 1014 cm-3 is shown for comparison; N4 and Np 
are the concentrations of acceptors and donors. 
The discrepancy of less than 15 per cent, with the 
exception of one point, can be regarded as reason- 
able agreement in view of the simplifying assump- 


tions we have made. 


4.3 Minority carrier mobility 

In Fig. 6, curve 1, we present the calculated 
minority carrier mobility of electrons in a crystal 
containing 1-1 x 10!°cm~* impurity atoms. The 
measured je for a specimen containing Ny—Np = 
1-1 x 10!5 cm~3 is shown also. The calculated je is 
greater than the observed pe by a factor of 2 or 


more, yet, from the comparison of calculated and 


observed conductivities we could expect to be able 
to describe defect scattering to within 15 per cent. 
We have, therefore, a clear indication that some 
important for 
mechanism i 


mechanism is 


Such a 


other scattering 


minority carriers only. is 
electron-hole scattering. 

Previous attempts to include the effect of 
electron-hole scattering in computing the mobility 
in germanium have been outlined in Section 1. By 
assuming that the majority carriers scatter as 
though they were ionized impurity atoms) 
electron-hole scattering can be incorporated by re- 
placing N* by 2N* in equation (3). The mobility 
calculated by this method is shown in Fig. 6 by 
curve 2. We note that this calculated jp is always 
greater than the observed pe, by as much as a factor 
of 2 between 30°K and 40°K. Adoption of Morin 
and Maira’s‘®) approach leads to replacing N* by 
[(m/m,)!/2 +-1].N* in equation (3), where mr, is the 
reduced mass of the electron and hole. (‘Taking the 
effective mass of the hole as 0-3 mo this is equiva- 
lent to replacing N* by 2-2 N*.) The mobility cal- 
culated by this method is less than 10 per cent 
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minority carrier mobility of electrons in the gallium doped crystal $.15 (Na —Np 


1:12 x 1015 cm 
smaller than the mobility shown in curve 2; there- 
fore the discrepancy remains. The same con- 
clusion is reached for specimens of different free 
carrier concentration, the discrepancy increasing 
with carrier concentration. 


A similar set of calculations of zn» and the conductivity 
of p-type material have been carried out using equations 
(3), (4) and (5) but replacing (2) by 


1/tp = paT)%v. (6) 
The same general conclusions were reached for holes as 
for electrons, that the majority scattering is well des- 
cribed by equations (3), (4) and (5) but that, even when 
electron-hole scattering is incorporated by the method of 
PRINCE or MorIn MaliTa, the minority carrier 
mobility is over estimated. 


and 


Four possible reasons for the discrepancy are (1) 
trapping of minority carriers, (ii) fluctuations in the 


3). The vertical lines indicate the experimental error. 


impurity content, (iii) compensation and (iv) an 
inadequate theory for electron-hole scattering. The 
first of these can be neglected completely because 
the specimens were illuminated to remove trapping 
effects as judged by the pulse shape and the varia- 
tion of transit time with emitter current.+ The 
effects of fluctuations in the impurity concentra- 
tion has been discussed in Section 2.3. Both the 
fluctuations and their effects should become less 
important at lower resistivities—a trend opposite 


+ Frequent trapping for a time short compared with 
the pulse width distort the This 
possibility is not considered seriously because the traps 
would have to have (a) a concentration greater than 
about 10/4 cm? if illumination and emitter current did 
not reveal the process, (b) a trapping time which re- 
mained short throughout the temperature range (c) the 
same concentration in crystals of the same resistivity and 
(d) the same characteristics in n- and p-type crystals. 


would not pulse. 
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to that of the discrepancy—and again the repro- 
ducibility of the results for different specimens of 
the same resistivity indicate together with normal 
Hall voltages that such fluctuations are unimpor- 
tant. Compensation can be ruled out for the follow- 
ing reasons. Firstly, the degree of compensation in 
the crystals used is expected to be small because 
the crystals were grown from high purity intrinsic 
germanium and were specially selected for long 
lifetime. Secondly, a large amount of compensation 
would affect yy just as much as pe yet reasonable 
agreement is obtained between the calculated and 
experimental values of the conductivity neglecting 
compensation. Thirdly, even if N* was increased 
to incorporate compensation, the required tem- 
perature dependence would not be obtained, 1.e. if 
N* was increased it would only be possible to ob- 
tain a fit to the experimental data over a limited 
temperature range. In considering whether the 
present attempt to include electron-hole scattering 
is adequate we must recall that it is based on the 
assumption that the scattering of an electron by a 
hole, say, is basically the same as scattering of an 
electron by an ionized impurity atom. We must 
consider, therefore, whether there are assumptions 
made in deriving the relaxation time for ionized 
impurity scattering which are not applicable to a 
collision between two mobile charges having 
similar masses. Such assumptions are (i) that no 
energy exchange occurs between the colliding 
particles and (ii) that the centre of mass co-ordinate 
system for the collision is not moving with respect 
to the laboratory co-ordinate system. ‘The removal 
of these assumptions greatly complicates the de- 
duction of a relaxation time for an electron-hole 
collision. Even more important is the following 
consideration. When an electron is scattered by 
other particles it is scattered so that its mean 
velocity becomes the mean velocity of the scatter- 
ing particles. In other words the electron is 
cattered so that its velocity is completely random- 
ized in a reference frame moving with the mean 
velocity of the scattering particles. When the 
catterer is an ionized impurity atom the velocity 


cf the scattered particle is randomized about zero 
velocity; when the scatterer is a hole in an applied 
electric field the velocity is randomized about the 
drift velocity of the hole. This is a drag effect, and 
we may say the majority carriers exert a drag on the 


minority carriers. Since the electron and hole are 


gE. G.. 8. 
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accelerated by a given field in opposite directions, 
the drag is such as to reduce the mobility. Here 
then is a mechanism not previously considered 
which could substantially reduce the mobility of 
minority carriers and so provide the possibility of 
accounting for the experimental results. 

In the following paper McLEAN and PaIcE have 
obtained theoretical expressions for the mobility 
including carrier—carrier scattering in addition to 
the usual defect scattering. The theory applies to a 
restricted temperature range and free carrier con- 
centration range though it covers the concentration 
and temperature ranges over which measurements 
have been presented in this paper. A detailed com- 
parison between the theory and the experimental 
observations given in Section 3 will be presented in 
a subsequent paper. It is found that by using the 
theory of mobility of McLean and Paice, which 
naturally incorporates the drag effect, good agree- 
ment can be obtained with experimental observa- 
tions for both electrons and holes. In this paper we 
have (i) established that electron-hole scattering is 
important, (ii) demonstrated that electron-hole 
scattering cannot be represented as the scattering of 
a free carrier by an ionized impurity atom and (iii) 
suggested the principal difference between scatter- 
ing by a free carrier and by an ionized impurity 
atom, namely, the drag effect. 


5. OBSERVATIONS ON THE MINORITY CARRIER 
MOBILITY BELOW 20°K 

The observations were confined to minority 
electrons in 3 Q cm p-type germanium. The main 
reason for extending the observations below 20°K 
was to attempt to observe the transport of electrons 
which had been localized within the same valleys in 
momentum space throughout the duration of the 
transit time.* At the time this particular experi- 
ment was performed (1956-7) an upper limit to 
7,;;, the relaxation time for intervalley transitions, 
was estimated to exceed the transit time (4 psec) 
below 10°K by a considerable margin. Hence it 
appeared reasonable to expect to observe the trans- 
port of carriers localized within a valley. 

The experiment was performed using specially 
constructed samples having emitter—collector 
separations of 2 or 3 mm and having two collectors 


* This experiment is similar in concept to that pro- 
posed by Go.p(*4), 
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instead of the usual one. The two collectors were 
placed relative to the emitter so as to intercept 
electrons propagated in different valleys. (Because 
of the anisotropy of conductivity within a valley the 
carriers are not necessarily accelerated parallel to 
the field. The diffusion length, of order 10-3 cm, 
is too short to ensure diffusion of carriers across the 
sample.) The field was increased until impact 
ionization occurred, a condition readily observable 
as a signal at the collector. At about 7°K, one, and 
in some instances more, electron arrival signals 
were observed at each collector. However, by 
using several samples of different crystallographic 
orientation it became clear that the delay times of 
the signals were a feature of the geometry of the 
sample—the separation emitter 
collector and the angle between emitter and 
collector and the field and not the crystallographic 
orientation. This eliminates the possibility that 
electrons had been observed which had not under- 
gone intervalley transitions. The reason for seeing 
different signals at the two collectors was that 
contrary to conditions at higher temperatures the 
influence of the collector field on the path followed 
by the minority carriers was important. This re- 
sulted from the use of a small emitter/collector 


between and 


separation and large collector bias, both necessary 
to observe a signal at very low temperature. The 
observation of more than two arrival signals usually 
overlapping each other is believed due to the 
complicated situation which arises due to the 
electric field varying both in magnitude and direc- 
tion. As a result of impact ionization the free carrier 
concentration can vary by orders of magnitude with 


position and so, due to electron-hole scattering, the 


minority carrier mobility can become a function of 


position. It is possible for minority carriers to be- 
come “trapped” in a region of low mobility in a 
convergent field (near the collector) and carriers, 
flowing a less obvious route in a lower field, arrive 
before them. 


The recent observations by WEINREICH ef al.'°?) have 
demonstrated that in n-type germanium 7;; is much less 
than the value calculated above because at low tempera- 
tures transitions involving the donor states become im- 
portant. Their results indicate that a concentration of 
compensating donors in p-type material of 1 x 10!* cm 
would be sufficient to lower 7,;; below the transit time, 
since the frequency of transitions between the donor level 
and the conduction band will be far greater than between 
the donor level and the valence band. In the crystals 


ELEC’ 
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used the concentration of compensating donors would be 
greater than 1 x 10!" cm~* and we can conclude that 7,;;, 
was too low for the experiment to be successful. Two 
other possible reasons for its failure are (i) that 7;; was 
reduced because the average energy of the electrons was 
raised by the field and (ii) that the anisotropy of the re- 
laxation time'?®) for ionized impurity scattering decreased 
the anisotropy of the conductivity within a valley to such 
an extent that a difference would not be observed be- 
tween electrons in different valleys. 


An interesting conductivity modulation effect 
was observed between 4°K and 15°K. Normally 
when the amplitude of the injection current is in- 
creased the amplitude of the collector signal rises 


3 «*TIME 


Fic. 7. (a) The usual effect of conductivity modulation 


on the signal observed at the collector. (b) The effect of 

increasing the emitter current on the collector signal 

which is observed when impact ionization of impurity 
atoms is taking place 


but the signal becomes skewed. At very low tem- 
peratures increasing the emitter current did not 
alter the amplitude of the collector signal signific- 
antly but increased its duration in time. The two 
contrasting situations are depicted in Fig. 7. We 
may interpret this effect as follows. Within the 
germanium filament there is a uniform density of 
holes, po, maintained by impact ionization result- 
ing from the presence of a sweep field. When the 
emitter is switched on the local field rises slightly 
causing (i) an increase in impact ionization 
po > potp.(r, t) and (ii) injection of minority 
carriers n(r,¢) and so raising the hole density to 
potp, (7, t)+n(r, t). When the emitter is switched 
off the holes produced by impact ionization in the 
emitter field will be recaptured in the majority 


carrier lifetime which is of order 10-8 sec.(27) The 
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minority carrier on the other hand will recombine 
relatively slowly (7 ~ 10-6 sec). Thus the minority 
carriers exist for most of their life in a hole density 
of po+n(r, t). The possibility exists that n> po, 
and extreme conductivity modulation results. The 
centre of the pulse remains stationary while 
carriers are steadily removed from the leading 
edge as m —> po. In other words the injected car- 
riers, instead of being propagated as a group of 
electrons, act as a stationary reservoir. 

It was found that passing a large sweep current 
resulted in a normal pulse shape with the usual 
conductivity modulation effects. This is because 
in the large sweep current the density of impact 
ionized holes has been increased and as a result 
n Po and the extreme conductivity effect is 
absent. 

It is interesting to note that this effect of con- 
ductivity modulation provides a method of inte- 
grating signals of appropriate length and amplitude 


range. 


6. CONCLUSION 

We have presented experimental observations of 
the mobility of minority carriers in a temperature 
range from 300°K to 4K. Hitherto the minority 
carrier mobility has not been measured below 
100°K. In the new range explored the effects of 
electron-hole In 
specimens this scattering mechanism appeared to 
dominate the mobility. We have mentioned that 


scattering were large. some 


electron-hole scattering had a considerably greater 
effect on the mobility than the effect predicted 
from a simple ionized impurity scattering formula. 
The discrepancy has been attributed to the drag 
effect of the majority carriers on the minority 
carriers. It is conceivable that in a solid with free 
carriers having favourable masses the drag effect 
could be considerably larger. In principle the 
minority carriers could be influenced so greatly by 
the drag of majority carriers that they drift “*back- 
wards’, i.e. they could have a negative mobility. 
There are two important points connected with 
this investigation. Firstly, for the first time ob- 
servations have been made on a transport property 
of a semiconductor in which carrier-carrier inter- 
action is dominant. Secondly, there is a drag effect 
exerted by the majority carrier on the minority 
carrier which from the point of view of analysis 
has the advantage over other drag phenomena such 


is. 8. 
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as phonon drag that the drift velocity of the 
particles exerting the drag is a readily determined 
quantity. 

At lattice temperatures down to nearly 4°K the 
transit of minority carriers has been observed. 
However it appeared that even for such low tem- 
peratures a large number of interchanges of 
electrons between different valleys in momentum 
space took place during the transit time. 

It is worthwhile at this juncture to consider the 
relation of this work to the operation of devices at 
low temperatures. The performance of the drift 
mobility experiment in the liquid helium range 
demonstrates that transistor action is possible at 
very low temperatures provided sufficient free 
carriers are generated by impact ionization. While 
He is smaller than might be anticipated due to 
electron-hole scattering the diffusion constant is 
not influenced in the same way by drag. The 
extreme conductivity modulation effect which was 
observed in the impact ionization range could im- 
pose limitations on the input signal to a transistor 
or its frequency response. Alternatively it could be 
utilized to make an integrating device. 
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APPENDIX 


In this appendix the method of determining the 
minority carrier drift velocity as distinct from the 
velocity of propagation of the pulse of injected carriers 
which is observed will be outlined. 

Consider holes injected into n-type material. If the 
velocity of propagation of the pulse of injected holes is 
V(= 1/t) then it is related to pa by 


Lh ¢ (no — Po)(nop ¢ + popn)E 
[non et+Popnt+Ap(uet+pn)]}? 


, (Al) 


where no and fo are the thermal equilibrium densities of 
electrons and holes, Ap is the density of injected carriers 
and E£ is the electric field outside the injected region. This 
equation which is a simple extension of that given by 
HERRING(!*) neglects the effects of diffusion and recom- 
bination. At very low temperatures the lifetime becomes 
comparable with the transit time. Under such conditions, 
therefore, equation (A.1) is not strictly obeyed. The 
equation has two limiting forms which are relevant, 





DRIFT MOBILITY OF 


(i) when there is no conductivity modulation, Ap = 0, 


po (1 =| ; (A.2) 
no — po He ' 


V = nb + 


and (ii) when the material is far from intrinsic, po = 0, 


V= pn| 1+ “P14 - ] (A.3) 


no Hé 


Equation (A.3) displays the effect of conductivity modul- 
ation on the velocity of propagation of the pulse of holes. 
In the low temperature region conductivity modulation 
had a large effect whilst the material was far from in- 
trinsic. Rearrangement of (A.3) putting 
Te A p where J, is the emitter current gives 


equation 


"(pn \1/2 | no 
[,= t -1]A 
ce ee eros 


for a crystal at a given temperature. A plot of J, against 
t!/2 should be linear and intercept the t!/? axis at a value 
of t corresponding to zero conductivity modulation. In 
practice plots of J, against t!/° were usually linear. 

For a 3 Q cm crystal at room temperature, when re- 
combination effects are small, the value of A was esti- 
mated as 7 < 10-1!” A cm~*. Thus for an emitter current 
of 1 mA, the minority carrier density was 1-4 x 10!* 
cm? compared with the majority carrier density of 
1 x 1055 cm-°. 
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Abstract—A theory is developed which allows account to be taken of the effects of carrier—carrier 
scattering on the mobilities of the carriers in a semiconductor. It is valid in general at low tempera- 
tures where carrier—carrier scattering effects are most important and assumes that the carriers are 
non-degenerate and move in bands which can be characterized by simple isotropic effective masses. 
Electron—electron and hole—-hole scattering usually produce only small reductions in the mobility 
although, if ionized impurity scattering were the completely predominant scattering mechanism, they 
could reduce it by as much as ~ 40 per cent. Electron—hole scattering, mainly due to the opposite 
drift velocities of the electrons and holes and a consequent drag effect, can produce large effects on the 
mobility altering both its magnitude and temperature dependence. These effects are most clearly 
seen in the minority carrier mobility and their inclusion yields mobilities in substantial agreement 
with those measured in Ge. In some cases, e.g. holes in n-type InSb, the drag effect is strong enough 


to give the minority carriers a negative mobility 


1. INTRODUCTION 
IN CONSIDERING the 
scattering on the mobilities of electrons and holes 


effects of carrier—carrier 
in a semiconductor one can distinguish between 
two types of scattering mechanism. Firstly there is 
the scattering of carriers by others of the same 
type, i.e. electron-electron (e hole—hole 
(h-h) scattering. This can only redistribute among 
from the 


e) or 


the carriers the momentum gained 
applied electric field and leaves the total momen- 
tum unaltered. Thus this type of scattering can be 
regarded as producing a second-order effect, in- 
fluencing the mobility only through any energy 
dependence which other scattering mechanisms 
may have. Secondly there is the scattering of 
carriers by those of the other type, i.e. electron— 
hole (eh) scattering. This is a normal type of 
scattering mechanism in the sense that the total 
momenta of the electrons and of the holes are 
altered by it; it therefore has a first-order effect on 
their mobilities. These two mechanisms have been 
considered separately by several authors, but so 
far their combined effects have escaped considera- 
tion. The effects of (e—h) scattering have been taken 
into account approximately in two fairly similar 
ways. PRINCE”) and EHRENREICH®) have assumed 
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that the scattering can be described in terms of the 
formulae®.4) for ionized impurity scattering. 
Morin and Marta) have made an attempt to in- 
clude the finite mass of both carriers by using their 
reduced mass in these same formulae. The effects 
of (e-e) scattering on mobilities governed by 
phonon and by ionized impurity scattering have 
been discussed by DeByE and CONWELL®) in the 
light of some considerations of HERRING on the 
maximum possible effect that (e-e) scattering can 
have and the work of CoHEN et al.(?) and SPITZER 
and HarM®) on transport in ionized gases. SODHA 
and EastMaNn®) have the results of 
SPITZER and HaRM®) in an attempt to evaluate the 
effect of (e-e) interactions on ionized impurity 
scattering. Kryes@ has assumed that the (e-e) 
interaction can be characterized by a relaxation 
time and, on the basis of this, has considered its 
effects on the conductivity, Hall constant and 
magnetoresistance of a semiconductor. Useful as 
much of this work is, none of it approaches the 
state of presenting a unified theory of the effects of 
carrier—carrier scattering on a mobility controlled 
by several defect scattering mechanisms such as 
phonons, ionized and neutral impurities, etc. In 
this paper we develop such a theory which is valid 


also used 
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within certain ranges of temperature and carrier 
concentration. 

This work arose out of a study by Paice!) of the 
conductivity and minority carrier mobility in Ge. 
He found that the conductivity could be fairly well 
explained in terms of a mobility limited by phonon 
and impurity scattering. Below about 150°K, how- 
ever, the measured minority carrier mobility had a 
different temperature dependence than this cal- 
culated mobility and, in some circumstances, 
could be lower than it by a factor of about two. A 
mechanism such as (e-h) scattering could explain 
this discrepancy since it would lower the minority 
carrier mobility and leave unaltered the mobility 
of the majority carriers which controls the con- 
ductivity. In Paper I, Paice has shown that in- 
cluding (e-h) scattering by the methods previously 
employed ":?.5) does not remove the discrepancy 
and has suggested that this may be due to their 
neglect of the relative motion of the electrons and 
holes. This relative motion produced by the drift of 
the electrons and holes in opposite directions along 
the applied electric field will cause a drag effect of 
the one type of carrier on the other and lead to a 
further reduction in the mobility of the minority 
carriers. In the theory we develop this drag effect 
emerges naturally from our equations. We shall 
give a general discussion of it along with the other 
effects of carrier—carrier scattering and shall show, 
by the use in our equations of parameters typical of 
materials like Ge and InSb, that the drag produces 
a very substantial reduction in the mobility of 
minority carriers. In a material like Ge the carrier 
carrier scattering, mainly through the drag effect, 
gives the minority carrier mobility the sort of tem- 
perature dependence and magnitude which is ob- 
served in Ge. In a material like InSb the drag effect 
can be so strong that at low temperatures minority 
holes are dragged along by the majority electrons 
and so have a negative mobility! 


2. THEORY 

2.1 Introduction 

The study of the transport properties of the free 
electrons and holes in a semiconductor when their 
mutual interactions are taken into account has 
much in common with the problem of transport in 
an ionized gas but is more complicated by virtue of 
two facts. Firstly in a semiconductor as well as 
interacting amongst themselves the electrons and 
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holes can be scattered by various crystal defects 
such as impurities and lattice vibrations. Secondly 
the electrons and holes normally have comparable 
masses so that the approximation that one type of 
particle has a much larger mass than the other, 
which is valid in an ionized gas, is not applicable in 
this case. Nevertheless, the similarity of the two 
problems is sufficient for us to make use in the 
semiconductor problem of methods developed in 
the study of ionized gases. These methods are 
based on one of two equations—the Boltzmann and 
Fokker—Planck equations—whose regions of ap- 
plicability depend on the density and temperature 
of the gas. We shall first of all discuss this and 
show that for the temperature and concentration 
ranges in which we are interested the Boltzmann 
equation is applicable. 

The electrostatic potential associated with any 
one of a collection of charged particles does not 
have the normal coulomb form but is modified by 
the screening provided by the other particles in a 
way which depends on their concentration m and 
temperature J. The potential behaves as 
(1/r) exp(—r/A) with distance r from the carrier, A 
being the Debye screening length, 1.e. 

A= (ekT /47ne”)! “ 

where k is Boltzmann’s constant, e the charge and 
we have assumed that the carriers are immersed 
in a medium of dielectric constant e. For conditions 
under which A is less than the order of the mean 
interparticle spacing m~1/3 a carrier will seldom be 
in a direct interaction with more than one other 
carrier. Encounters will therefore be predominantly 
of the binary type for which the Boltzmann equa- 
tion provides a good description. The condition 
for this is therefore that 

T1/2 
6-912 (1) 

ni/6 


An1/3 


which is more easily satisfied the lower the tem- 
perature and the higher the concentration. With 
¢ = 16, which is valid for Ge and InSb, (1) is 
satisfied up to about 130°K for a carrier concentra- 
tion of 1015 cm~3 and up to about 60°K for a con- 
centration of 1014 cm~3, For Si, these temperature 
limits are slightly higher due to the smaller di- 
electric constant. The similarity between the inter- 
governing ionized impurity 


action potentials 
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scattering and carrier—carrier scattering indicates 
that carrier—carrier scattering becomes more im- 
portant as the temperature decreases. Its impor- 


tance must also increase with increase in the carrier 
concentration. Thus qualitatively the conditions 
for the validity of the Boltzmann equation ap- 
proach to the problem and for the importance of 


carrier—carrier scattering are the same. We there- 


fore Boltzmann equation to give 


expect the 
correctly the 


scattering effects in a semiconductor. Our theory 


most important carrier—carrier 


will therefore be based on the theory of transport 
in gases which uses the Boltzmann equation as a 
starting point. This theory was developed by 
EnskoG and by CHAPMAN and is described in detail 
in CHAPMAN and CowLincG"), Its application to a 
completely ionized gas has been discussed by 
Cow .inc(@2) LanpsHOFF *) and MARSHALL), We 
shall base our treatment on the work of these 


authors. 


In contrast to the Boltzmann equation the Fokker 
Planck equation is valid in regions of high temperature 
and low carrier concentration where the Debye length is 
large and distant encounters among the carriers pre- 
CouHEN et al.) and SpiTzER and HarM(®) give 
as a criterion for its validity In(A/bo) > 1 where bo is the 
impact parameter for an encounter producing a 90° de- 
flection. In Ge and InSb, for example, when An1/ 1 
the upper limit for the validity of the Boltzmann equa- 
tion In(A/bo) ~ 3. The Fokker—Planck equation is valid 
therefore only in regions of considerably higher tempera- 
ture and low carrier concentration than those in which 
the Boltzmann equation is valid. In such regions carrier 


dominate. 


carrier scattering effects are probably small, the mobility 
effects. The 
the work of 


being dominated by phonon scattering 


application by SoDHA and EasTMAN'”), of 
SpiTzer and Harm‘) on an ionized gas to the semi- 
conductor problem is therefore of doubtful value. 


We shall assume that the electrons and holes can 
be characterized by simple isotropic effective 
masses. In principle then the theory should not be 
applied to carriers in a material like Ge with com- 
plicated band edges. However, we shall adopt the 
attitude that regardless of the complexity of the 
band edge there exists some suitable average iso- 
tropic mass which can be used in the Boltzmann 
equation to describe the carriers in a band. This 
assumption no doubt prevents us from including 
some of the details of the various scattering mech- 
anisms; for example, we cannot treat the anisotropy 
in the ionized impurity scattering which obtains 
for electrons in Ge as this depends basically on the 
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anisotropy of the conduction band edges. We shall 
show, however, in a future publication by a 
detailed discussion of Ge that all the main features 
of the scattering mechanisms are given by this 
model so that a fair amount of justification can be 
given to our attitude especially when it is borne in 
mind that we are trying to account for discrepancies 
of around a factor of two. It is found” that the 
appropriate mass to use is what is normally defined 
as the conductivity mass.) Henceforth, when we 
refer to results calculated for a specific material we 
imply that the conductivity masses of the appro- 
priate carriers have been used. 


2.2 Boltzmann equations 

We consider a mixture of two types of charged 
particles characterized by a label «, say, where « = 
1, 2; these will eventually be identified with 
electrons and holes. We shall denote their con- 
centration, mass, charge, velocity and distribution 
function respectively by m,, m,, e,, 0, and f,. As 
well as undergoing collisions among themselves, 
we shall assume that carriers undergo collisions 
with various defect scattering mechanisms, 7 = 
1, 2, 3..., and that these collisions can be des- 
cribed by relaxation times 7,(7) for carriers of type 
x. Carrier—carrier scattering between carriers of 
type « and type f(a, 8 = 1, 2) will be described by 
a scattering cross-section o,,. In the presence of a 
uniform electric field E producing a force per unit 


mass of 
(2) 
on carriers of type « the distribution functions fi 


and fg describing the steady state which is estab- 
lished will be solutions of the Boltzmann equations. 


F, - (3) 


(4) 


where ¢€/0v, is the vector with components 
alse ale a9 (0) ; 

8/OVyx, 0/OVgy, O/Ovgz and f,” is the thermal 
equilibrium distribution function for carriers of 
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The terms of the form A, f, represent the effect on 
carriers of type f of scattering by carriers of type <, 
A.f,(2,;) dvg being the number of carriers of type 
B scattered into the velocity range (v,, 0,+d0,) 
per unit time per unit volume by carriers of type «. 
If we denote velocities after a collision by primes, 
then 


Af (0) = | d3v dQa4, x 


x aplta (v Vo’ p) —f,(2), f(D) ] (6) 
where the relative velocities before and after a 
collision are respectively g,g and g’,,, and since 
the collisions are elastic 


fap = g’ ap (/) 


dQ is the element of solid angle into which scatter- 
ing takes place and the two terms in (6) represent 
separately the number of carriers scattered into 
and out of the appropriate range. 

In considering equations (3) and (4) we make the 
usual approximation that the distribution function 
is governed predominantly by the scattering 
processes, normally used electric fields producing 
only a small perturbation. We therefore write 


fa = fe (1+¢2) (8) 


and take ¢, to be a small quantity of first order in 
the electric field, neglecting higher order terms. 
Zero-order terms in (3) and (4) of course merely 
give thermal equilibrium conditions. First-order 
terms give 
(0) (0) 
fy pif, 
: ewe tp 
71() 


+ yy ay dQo 1,2 naft (v1)/ 0'(2) x 


x [¢1(0'1) + ¢,(2’) — $1(01) — $.(2)] 


(9) 


and 


9 
pi - 0 )) 

+ Ay dQ0«a2,22, fs (Wo yf (v)x 
4=] 


x [f2(v'2)+ b,(v') — b2(v2)— $,(2) | 


(10) 
where we have used the fact that, for elastic col- 
lisions, conservation of energy implies that 

) 
(0 (0) (0 , (0 , 
| i (v,)/ 2 (v,) a Ve (v x)I p (v B)s 
2. Defining, similarly to CHAPMAN and 
COWLING, 


(11) 


l 


Tad, v0.) == | a3v dQ«o 


Oo > 
apsapl a 
nN p 


X pe 


+ $(v') — d AP, ) — $ (2) | 


and using (5), (9) and (10) reduce to 


id 
(0 
; ‘ F, fi a S 


kT tmnt 4(4)) 


t 


x [b.(0" ) 


“y '} ah 


+ n*Ti(¢, v1)+ nyNelh0(d, v}) (13) 


meg 


— 09+ Fo f' 
kT oe: 


| fa bet 


af n= Io9(¢, V2) + nyN2I01(4, V2) (14) 


which are a pair of coupled integral equations for 
¢; and ¢o. A knowledge of these is sufficient to 


determine the mobilities Ha, * = 1, 2, of the car- 


1? 


riers since being the drift velocities per unit electric 
field they are given by 


1 7 
| a3 ) 
ie 


a 


_ es 
| d3v, 


1 
4 


Ha = 


: 15 
NE . (1) 


where we have used (9) and the fact that f,”’ 
even function of velocity. 


is an 





T. P. McLEAN 


2.3 Variational principle and trial functions 
An exact solution of equations (13) and (14) is 
not possible so that we must attempt to solve them 
by some sort of approximation method. This is 
greatly facilitated if we note that the equations can 
be deduced from a variational principle. A similar 
variational principle has been discussed by 
MarsHALL“95) in connexion with the problem of an 
ionized gas in a magnetic field. 
Consider the expression 
kT | om, ff |. all 
| 130,01 * Fy f, (@1)x1(21) + 
E2\ kT 


: F> f,(02)2(02) 
—f, (apie) — 


— fi,” (02)p3 (02) — 
T21) ~ 7 
n [1 Wahi 


n=[vo, wae 


- nyno[ yy + who, yy + Yehia) 
(16) 


where we have made use of the bracket expressions 


d°v X(o,)1, Ab, v.), 


(X1 +X, pitwelis = | dvX1(o1)hio(y, 21)4 


+ t VoX9(V2)1o1(e, V2) (18) 
defined for any arbitrary functions X, and w, of 2,, 
x = 1,2. These bracket expressions are the same 
as those defined by CHAPMAN and COWLING and, 
as shown by them, can readily be put into the form 
' f a O (0 (0) . 
5 | a" yA UyAQOyLaata (O,)fa (u,)x 

4n). 
" [X.(2,) T X(u,) 
x [ys (,) T p(u ) 


X,(0,) —X2(ta)] 
p(0,)—p(u)], 
(19) 


and 
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[X1+Xe, fitdpelie 
d3v d3vo dQoy2812f," (v1) fy (22) , 
2n\no . 2 


x [Xa(01) +Xo(w2) — X1(o;) — Xo(0})] x 
x [u(01) + 2(v2) —Yr(2,) —po(2,)] 
(20) 


where, if the X and ¥ are vectors, scalar products are 
to be taken inside the integral. It is easily shown 
that for small variations dy; and dye of the functions 
yy and ye the corresponding variation do{y1, pe} in 
the expression (16) for o{y, x2} is zero if, and only 
if, y and we are solutions of equations (13) and 
(14), i.e. 


(21) 


This condition is equivalent to the fact that the 
current will maximize itself consistent with the 


doi}, do} = (), 


given scattering mechanisms and field. Moreover, 
when this is the case we see using (15) that 


(22) 


a{di, do} = mei +N2e2V2 = 9, 


o being the conductivity of the mixture. This 
explains the notation used for the variational ex- 
pression (16). ‘Thus errors of order e, say, made in 
choosing trial functions 4; and ye will be reflected 
as errors of order only «? in the conductivity. 

Having established a variational principle for our 
equations, we must now choose a suitable form for 
our trial functions fj and #2. It follows from (8) that 
¢, and ¢2 are scalar functions; furthermore they are 
linear in the electric field. %; and y2 must therefore 
be of the form 


${®.) = 0,° FY {0,), «=1,2. (2) 


For the ‘Y’,(v,), we adopt the procedure of 
CHAPMAN and CowWLING and take 


. Sundin yp my 
(v1) = D 4, S3(Vz), Vi = 2% lsat 


r=0 


and 


N 
- /.. * 2(N) ao) r? 
4 9(2 2) = > by 'S3 of J 1) 


r=0 





EFFECTS OF 


where S.',(x) is a Sonine polynomial. Equations 
(24) and (25) really give a series of trial functions 
obtained from the values N = 0, 1, 2 —, When 
we take N = n, say, we shall talk of the mth order 
approximation. The quantities a‘) and 5’ are 
considered as variational parameters. 


In general, S)'’(x) is defined as the coefficient of p’ 


the expansion of 


(l1—p)-™ ' exp| — ee 


(26) 


Our use of these polynomials is dictated mainly by their 
extremely useful orthogonality property 


(pr) (s) D(r+m+1) 
Y m(x)S5 (x)x™ ™ Biss 


ro X 
dxeé Sm ~ 


(27) 
drs being the usual Kronecker 6 symbol. The choice of 
m = 3/2 in (24) and (25) is for convenience, as we shall 
see presently. 

We consider the result of inserting these trial functions 
into the variational expression (16). As a result of (27) and 
our choice of m = 3/2, the first two terms in (16) re >duce 
to the simple expressions 27 F tie and 2neF _ . For 


the last three terms, we make the definiti ns 


po = [o, S37(V2), 0,53/(V2)]a, « = 1, 


“a we [v, Ss2(V2 m3 v,53/2 (VA) lap 


gf 72 ‘ 
$3 /2(I a)lag 4 F 


y' xp) 
~ 8s 


053 /2 I *), 0 
Then, 

N 

<< (N) p(1).(N 
La a B a, 


r Ts 


bp?" BN? 
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We shall discuss the significance of the B{, x(%) and 
(<8) in detail later. At present, we merely note that they 
mutual interaction of the carriers and 
can be determined once the potential describing the 
interaction is known. The two remaining terms in (16) 
depend on the relaxation times 7,(z) describing the inter- 
action of the carriers with the various defect scattering 
shall assume at that we can 


mechanisms. We present 


take 
D,(i)vx@ (34) 
(1) 


where D,(7) is independent of the carrier velocity Vz. We 
shall see later that such an assumption is valid for the 


types of defect scattering of interest to us. Then, with 


ORT \ 141/20) 


(i) 
Yrsy 


series expansion 


mM, 


’ are defined by the power 


we can write 


» (21) 4F(21) 
T1( 


N 
le Fe OS 
tmF> D> 


r,s =U 


’ 


fy (02)b2 (v2 
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With (31), (32), (33), (37), (38) and (2), the variational expression (16) becomes 


be ' 


afyy, ¥ 


where 


(40) 


This expression (39) is stationary with respect to 
small variations of the parameters and bs f 
r i Be: N, taken about those values given 
by the solutions of the equations 


\ 
é\Mos “ ’ 
S mx? 
a 
s = ( 


e0m 
35,0, (41) 


r = 0, N. On the basis of our variational 


principle the solution of these 2 (N+ 1) equations 

(N) 
, b, 
which bring ys and ye closest to being solutions of 
our original equations (13) and (14). In terms of 


these values the conductivity of the mixture o(’) 


,Z 


gives the values of a. ~ é b 


in the Nth approximation is 


and the mobilities of the individual types of carriers 


9 


2 N 
é (1) (1) (12)4_(N 
7) m »> [a0 +m, + noy 1? Ja? 
r,s=0 


1 BLN), (21) (nN) | 
+b. Con ae J 


(39) 


in this approximation are 


s eykT 
(N) NV) 
By 2 "0 
my 


kT 
éok7T pW) 


(N 
al 
ind Ls ™ 


m= 
From our previous discussion, we know that the 
conductivity is given by (42) to a higher order of 
accuracy than either of the functions y% and we or 
the individual mobilities. We note that to find the 
mobilities and conductivity we do not need a 
knowledge of the complete distribution functions 
but only the coefficients _ and ". 
2.4 Defect scattering mechanisms 

In this section we shall neglect the effects of 
carrier—carrier scattering and consider only various 
defect the 
corresponding mobilities can be calculated exactly 


scattering mechanisms. For these 
and we can therefore investigate the validity of 
various orders of approximation when carrier 

carrier scattering effects are neglected. We shall be 
concerned principally with three defect-scattering 
mechanisms, viz. phonon scattering, ionized and 
neutral impurity scattering. We need only consider 
one type of carrier, say «, and then our equations 


(41) become 


38,0, i Q, i. 


vy 3 
>. = diye 
=0 t=] 

(44) 
where we have introduced the "gl as the varia- 
tional parameters associated with carriers of type «. 


We shall discuss first of all the form of the quantities 
d‘%)(i) which characterize our three scattering mechan- 
isms and which are defined by (35). For acoustical 
1), we have 72(1) ~vq' and 


1 and D,z(1) must, by (46), 


phonon scattering (1 
pa(1) ~ T~3/2 so that v(1) 
be of the form 


D1) = p,ac.)T 
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where pz(ac.) is a constant measuring the strength of the 
scattering. The observed temperature dependence of the 
mobility, governed by phonon scattering, is always 
T-* but 8 is seldom, if ever, equal to 3/2. This is due in 
some cases to an appreciable amount of scattering by 
optical phonons(!?) and in others to a variation of the 
with temperature. We shall 
always assume that 72(1) ~ wz and shall absorb any 
anomalous temperature dependence which pz(1) may 
have in some regions in D,(1) so that we take 


D,(\) : p,T* 1/2) 


carrier’s effective mass 


(45) 


with px constant. 6, may be given different values in 
different temperature ranges to reproduce the details of 
the phonon scattering as, for example, the importance of 
optical phonon scattering changes. In this paper, how- 
ever, we shall adopt the simple procedure of fixing 44 by 
the temperature dependence of the mobility around room 
temperature. This will allow the main features of the 
phonon scattering to be taken into account. 

2) we the 


For ionized impurity scattering (7 use 


formula of the type derived by CONWELL and WEIss- 


KOPI 


; (46) 
(2) 


with 


(47) 


L’ owe] +(e) | 
2 


where € is the dielectric constant of the material in which 
the carriers and impurities are embedded, i.e. the semi- 
is the concentration of these im- 
that 


conductor, and N* 
purities which are 
collisions involving carriers and ionized impurities with 
impact parameter greater than d* are negligible. Thus, 
v(2) 


ionized. d* is a cut-off such 


—3 and 
27e4 


L'N*. 


9.9 
em; 


D,(2) (48) 


We have disregarded any anisotropy which may be pre- 
sent in ionized impurity scattering since this would be a 
direct result of an anisotropic mass which is not in- 
cluded in this treatment. Furthermore, we have assumed 
that the ionized impurity scattering can be adequately 
described in the classical approximation. Care will there- 
fore have to be taken not to apply our results at too high 
carrier concentrations or too low temperatures where this 
approximation breaks down. (2!) 

For neutral impurity scattering (1 
expression for the relaxation time due to Ercinsoy!6 


1 
" R(N—N (49) 


7,(3) 


where N is the impurity concentration and R is the radius 


3), we use the 
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of the orbit of the carrier bound to a neutral impurity. 
Thus »(3) = 0 and 


20h 
= —R(N—N*). 


m 


D,(3) (50) 


: 
Using these values for the v(7), the y\”’ can be 
evaluated from (36) and some of them are given in 
the Appendix. With these and the expressions for 
the D,(z), just discussed, the d'\(7) can be found 
from (35). It is then a straightforward task to 
evaluate from equations (44) either the mobilities 
psi) (i = 1, 2,3) due to individual scattering 
mechanisms or the mobility .’’ due to their com- 
bined effects in various orders of approximation 
N =0,1,2 . The Boltzmann equation with 
relaxation times of the form (34) and no carrier— 
carrier scattering is easily handled and yields exact 
expressions for mobility: 
+ e mM, 

ott) = , | — 
31/2 m,D,(1)\ 2k7 


We can therefore investigate the accuracy of our 
different orders of approximation. Solving (44) and 
using the expressions (35) and (51) we find that 


53) 


” (7G), (i) ° 
Yoo" 11 b(t) 
and similar but more complicated expressions for 
higher order approximations. ‘These expressions 


Table 1. The ratio of the mobility, calculated in the 


first three orders of approximation, to the correct 


value for the three defect-scattering mechanisms of 
interest. 


Defect scattering wi) | pl2(a) 


BO ) 
mechanism —-- 


p(t) 
0-884 | 0-958 | 0-978 
0-295 0-959 | 0-999 
1 1 1 


(i) (i) 


Phonons 
Ionized impurities 
Neutral impurities 
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depend only on (2), i.e. the velocity dependence of 
the relaxation time. Table 1 gives the values of the 
ratio w)(7)/u(i) in the first three orders of 
approximation for each of the scattering mechan- 
isms of interest. We see that the second-order 
approximation provides an excellent description of 
both types of impurity scattering and is only in 


error by ~ 2 per cent for phonon scattering. 


rder approximot 





Temperoture, T, °K 
Fic. 1. The mobility/temperature curves, calculated in 
the first four orders of approximation and also exactly, 


for minority 101° Ga 
atoms/cm*. The mobility is controlled only by phonon 


electrons in Ge containing 1:1 


and impurity scattering. 


The same type of comparison can be made when 
all three scattering mechanisms are operative 
together but this involves the actual magnitudes as 
well as velocity dependences of the relaxation 
times. We have done this for minority electrons in 
p-type Ge containing 1-1x10!° Ga atoms/cm’. 
(This corresponds to one of the specimens used in 


and 


E. G. S&S. PAIGE 

Paper I). The phonon scattering was fixed from 
the magnitude and temperature dependence of the 
electron mobility in the room temperature region 
and an effective mass equal to the conductivity 
mass was used (cf. Section 2.1). The results are 
shown in Fig. 1. We see that when describing the 
combined effects of the defect scattering mechan- 
isms the second-order approximation can lead to 
errors in the mobility up to ~ 6 per cent. This 
error is improved to ~ 3 per cent by using the next 
approximation. ‘These results encourage one to 
hope that the complete system including carrier 
carrier scattering effects can be adequately des- 
cribed by the theory in a low-order approximation. 


2.5 Carrier—carrier scattering terms 


As we noted earlier, the quantities 8%), x“) and 
y'~) characterize in our equations (41) the effects of 


carrier—carrier interactions. It is clear from their 
definitions (28)-(30) and from the way in which 
they appear in equations (41) that the B® describe 
the effects of interactions between carriers of the 
same type « whereas the x'*”) and y‘*") describe the 
effects on carriers of type x of interactions with 
carriers of the other type P. 

It does not prove possible to find analytic ex- 
pressions for these carrier—carrier scattering terms 
if we use a screened coulomb potential between the 
carriers. We shall therefore adopt the following 
procedure in describing collisions between carriers: 
we shall use a normal coulomb interaction potential 
but shall assume that there is some critical distance 
d, of the order of the Debye length A, such that 
collisions with impact parameter greater than d 
produce a negligible effect. This leads to results 
similar to those obtained by using a screened 
coulomb potential but has the advantage that it is 
much more convenient to use and yields analytic 
expressions for the scattering terms. As in the case 
of ionized impurity scattering we use the classical 
approximation for the scattering cross-sections 
6,,- These expressions can be found using the 
methods described by CHAPMAN and CowLinG?), 
who give several of them for the smaller values of 
r and s. In the Appendix we give the expressions 
required for calculations up to and including the 
second order of approximation. 

One would expect a close connexion between the 
Carrier—carrier scattering terms and those des- 
cribing ionized impurity scattering. We note first 
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of all from the Appendix and equations (35) and 
(46) that the two types of terms have the same sort 
of temperature dependence so that carrier—carrier 
scattering effects are more important at lower tem- 
peratures. Furthermore, in the limit of the mass of 
the scattering carrier becoming very large the two 
mechanisms should become equivalent. This is 
indeed the case for it can be shown that as 
m,/myz —>( x) —> 0 and ny) increases to be- 
come identical to d\)(2) w hich describes ionized 
impurity scattering, provided n, = N* and the 
two cut-off distances d and d* used for the carrier 
carrier and ionized impurity scattering respec- 
tively are the same. Our use of the CONWELL 
WEISskoPF type of formula for ionized impurity 
scattering rather than that derived by Brooks and 
HERRING, which is based on a screened coulomb 
interaction potential, is dictated by this need for 
consistency in the descriptions of carrier—carrier 
and ionized impurity scattering. Furthermore, we 
see from (41) that the terms in x'*”), which couple 
the two sets of equations, are prefixed by coeffici- 
ents e,m,,/e,m, which arise from the ratio F’,/F, of 
the forces acting on the two types of carriers. 
These coefficients are positive or negative accord- 
ing as the applied electric field tends to drive the 
different types of carriers in the same or opposite 
directions. We can therefore interpret the carrier 
carrier scattering terms x**) and y“) in the follow- 
ing way. The terms y'*” describe that part of the 
scattering by carriers of type 8 which would be 
present if they had no drift ker due to the 
applied field; they are the extension to carriers of 
finite mass of the terms d\*)(2) describing ionized 
impurity scattering. The terms x‘*) allow for the 
effects on the scattering of the relative drift motion 
of the two types of carriers; they represent the drag 
effect of the one set of carriers on the other. 

To estimate the accuracy with which carrier 
carrier scattering effects are described by the 
various orders of approximation in our theory we 
have included the carrier—carrier scattering terms 
in the equations which led to the curves of Fig. 1. 
The _— of these equations is discussed in Sec- 
tion 3.2. For the present we are interested only in 
the mainovity electron mobilities which they yield 
approximation. ‘These 
Fig. 2 in the first four 


in various orders of 
mobilities are shown 

orders of approximation. Due to the complexity of 
carrier scattering terms—particularly 


the carrier 


P 
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the y(**)—required in the higher-order approxima- 
tions our calculations in third order are correct only 
to that order in the defect-scattering terms, 
carrier-carrier scattering being treated only to 
second order. We see from the figure that the 
maximum percentage difference between curves of 
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st order approximatio 
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40 60 80 

Temperoture, T, °K 
The mobility/temperature curves, calculated in 
approximation, for 
1015 Ga atoms/cm?. The 
impurity 


Fic. 2. 
the first four 
electrons in Ge containing 1:1 
is controlled by both phonon and 
h) and (h—-h) scattering. 


orders of minority 


mobility 
scattering and (e 


adjacent orders decreases as the order of approxi- 


mation increases. From the magnitude of this 


decrease, the correct result, to which they con- 
verge, cannot differ from the third-order approxi- 
mation curve by more than ~ 5 per cent in the 
most unfavourable region. We shall base all our 
calculations on this approximation, referring to it 
loosely as the third-order approximation, and 
assume that it yields a mobility correct to 


~ 5 


per cent, 
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3. THE EFFECTS OF CARRIER-CARRIER 
SCATTERING ON MOBILITY 

Having discussed the significance of the various 
terms appearing in the final equations of our 
theory (41) and derived expression for these 
terms, we can now proceed to examine the effects 
of carrier—carrier scattering on mobility. We shall 
begin by considering the effects of (e-e) and (h-h) 
scattering which, as anticipated, are generally 
small. We shall then discuss the more important 


process of (e—h) scattering. 


3.1 (e-e) and (h-h) scattering 

It has been mentioned that this type of scatter- 
ing can influence the mobility only through the 
energy dependence of other scattering mechan- 
isms. The actual effect of (e—e) or (h—-h) scattering 
on the mobility of carriers when ionized impurity 
scattering is completely predominant depends on 
the relative concentrations of carriers and ionized 
impurities. It is virtually independent of tempera- 
ture however, since the carrier—carrier and ionized 
impurity scattering mechanisms are of the same 
type. By solving our equations for one type of 
carrier with only these two scattering mechanisms 
present one finds that the factor, measuring the 
reduction of the ionized impurity scattering 
mobility due to (e-e) or (h—-h) scattering, converges 
in the higher-order approximations to 0-58, This 
figure is based on equal concentrations of carriers 
and ionized impurities and agrees with the value 
found by LaNnpsHorF‘!*) from essentially the same 
calculation. It also agrees with the results of 
SpirzER and Harm‘) obtained from a calculation 
based on the Fokker—Planck equation. This agree- 
ment between these results from treatments based 
on the Boltzmann and Fokker—Planck equations, 
which are valid in different ranges of temperature 
and carrier concentrations, is due to this particular 
factor being independent of temperature and the 
actual magnitude of the carrier concentration. 

The effect of (e-e) or (h-h) scattering on a 
mobility governed by phonon scattering cannot be 
expressed so simply. It depends on both the tem- 
perature and concentration of carriers and the 
magnitude of the phonon scattering. The effect 
appears most simply in the first-order approxima- 
tion and is governed by the relative magnitudes of 
n,B) and d'*(1) for carriers of type «. A rough 
criterion for the carrier—carrier scattering to have 
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some sort of effect on the mobility is that n,BY 
d‘*(1) but even then it cannot, as we shall see, 
effect a reduction of more than 12 per cent. This 


criterion can be cast into the form 


1017 / mo 
73 


where mp is the free electron mass and y,(1) is in 
units of cm? V-! sec. Using measured values of 
u,(1) one finds that at 100°K for either electrons or 
holes in Ge or Si or holes in InSb the carrier con- 
centration must be greater than about 10!6 cm-3 
for an effect to occur and for electrons in InSb this 
is reduced to 10!4cm~%, At higher temperatures 
higher concentrations are of course required. 


HERRING"®) has pointed out that the maximum pos- 
sible effect of (e-e) or (h-h) scattering is to randomize 
completely among the carriers any momentum gained 
from the applied field. ‘The distribution function of 
carriers of type « would then be of a Boltzmann type but 
centred about the mean or drift velocity dz of the carriers 
in the field. Now, it is easily shown that 


for all values of N (cf. equation 43) so that the distribution 


function in zero-order approximation is 


(0) 


ey pe 1+ (56) 


which, correct to first order in the electric field, can be 


written as 


(57) 


Thus the carrier mobility due to any combination of 
scattering mechanisms calculated in zero-order approxi- 
mation can be interpreted as the mobility which the 
carriers would have if they scattered one another as 
strongly as possible. The ratios p!)(7)/u(i) in Table 1 
therefore give a measure of the maximum effect which 
(e-e) or (h-h) scattering could possibly have on the 
mobilities associated with the various defect-scattering 
mechanisms of interest. The values of 0°88 and 0-30 for 
the ratio associated with phonon and ionized impurity 
scattering agree with those quoted by HERRING. Neutral 
impurity scattering is not influenced by (e-e) or (h-h) 
scattering since the relaxation time (49) associated with 


it is velocity independent. 
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When several defect scattering mechanisms are 
operative the reduction in mobility caused by 
(e-e) or (h-h) scattering is governed by the 
energy dependence of the net relaxation time 7 due 
to all the mechanisms. 


(58) 


This is clear from our equations. Thus for example, 
since the relaxation time for phonon scattering 
decreases with increasing energy and that for 
ionized impurity scattering increases, the net re- 
laxation time may be constant in some range of 
energy. Within this range (e—-e) and (h-h) scatter- 
ing leaves the mobility unaltered. SopHa and 
EaAsTMAN") do not treat the carrier—carrier scatter- 
ing in this fashion but assume that, having obtained 
a combined relaxation time for ionized impurity 
and (e-e) scattering, this can be used in place of the 
ionized impurity relaxation time in calculating the 
net relaxation time. This can give correct results 
only in special cases but should not be used when, 
for example, phonon scattering is operative as 
well as ionized impurity and (e-e) scattering. 

In Figs. 3 and 4 we show the conductivities re- 
spectively of n-type Ge and InSb as functions of 
temperature calculated with and without the 
inclusion of (e-e) scattering. In the calculations, 
the phonon scattering was fixed from the measured 
room temperature mobility, the electron effective 
mass was taken to be 0-013 mp in InSb and the 
conductivity mass 0-12 mo in Ge; collisions be- 
tween electrons and ionized impurities or other 
electrons were neglected if their impact parameter 
was greater than the Debye screening length A. 
The results for Ge in Fig. 3 are based on material 
containing 6-1 x 10!4 as impurities per cm*, which 
corresponds to one of PAIGE’s specimens. For it, the 
thermal freeze out of electrons was calculated as 
described in Paper I and the consequent neutral 
impurity scattering taken into account. Down to 
about 70°K the presence of (e-e) scattering has 
virtually no effect on the mobility. In this region 
the mobility is controlled by phonon scattering and 
the electron concentration is too small for (e-e) 
scattering to have any effect. As the temperature 
decreases ionized impurity scattering begins to 
show itself and the effect of (e-e) scattering con- 
sequently becomes noticeable, producing a 6 per 


CARRIER-CARRIER 


SCATTERING 





a, 


ductivity, 


Con 


(1) Without (e-e) scattering 


2) With (e-e) scattering 








20 40 60 80 
Temperature, T, °K 


Fic. 3. The conductivity as a function of temperature for 
n-type Ge containing 6:1 x 10!4 As atoms/cm? both with 


and without the inclusion of (e-e) scattering. 
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Fic. 4. The conductivity as a function of ternperature for 
n-type InSb containing 10!4 donors/cm® both with and 
without the inclusion of (e—e) scattering. 
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cent reduction in mobility about 35°K. The in- 


i 
crease in the effectiveness of the (e-e) scattering 


with ionized impurity scattering is 


increasing 
checked about 35° K due to the thermal freeze out 
of electrons and the replacement of scattering from 
ionized impurities by that from neutral impurities. 
Fig. 4 shows similar curves for InSb containing 
1014 free electrons per cm? which are associated 
with the same concentration of ionized donors, 
compensation being neglected. The effects are 
essentially the same as for electrons in Ge down to 
35°K. However in this InSb there is no 
thermal freeze out of carriers so that the importance 


of ionized impurity scattering continues to increase 


about 


as the temperature is lowered and with it the 
effectiveness of (e—e) scattering. At 10° K (which is 
slightly beyond the limit to which our assumption 
of non-degenerate statistics can be applied in this 
case), the (e €) scattering reduces the mobility by 
27 per cent. This is still considerably smaller than 
~ 40 per cent reduction which (e-e) can affect on 
a mobility governed entirely by ionized impurity 
scattering. This is a consequence of the large 
change in the effectiveness of (e—e) scattering 
which can be brought about by small deviations of 
the energy dependence of the net relaxation from 
that associated with ionized impurity scattering 
due to other defect scattering mechanisms. 

We can sum up by saying that (e-e) or (h-h) 
scattering affects the mobility only at low tem- 
peratures. Even there the effects are small unless 
the free carrier and ionized impurity concentra- 
tions can be prevented from decreasing due to 
normal freezing out effects. 

3.2 (e-h) scattering 

The effects produced by (e-h) scattering can 
most conveniently be investigated by examining 
the mobility of minority carriers. There may also 
be appreciable effects on mobilities in intrinsic 
material but these conditions obtain at higher 
temperatures than those at which our equations 
are normally valid. We shall focus our attention on 
uncompensated semiconductor material for tem- 
exhaustion and_ below. 


peratures in the range 


Labelling the majority carriers by « = 2, we can 
then take mo = N* 
carrier mobilities are usually quoted in terms of 


in our equations. Minority 


zero concentration of minority carriers and are 


obtained by extrapolation from mobilities 


and 
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measured for concentrations of the order of 1 to 10 
per cent of the majority carrier concentration. 
1, our 
a @ 


They then represent a concentration of majority 


Labelling the minority carriers with « 
equations (41) are simplified by taking 1 





Temperature, T, °K 


Fic. 5. The mobility of minority electrons as a function 
1015 Ga 
atoms /cm®. In curve 1, the mobility is controlled only by 


of temperature in p-type Ge containing 1:1 


phonon and impurity scattering. In curve 2, the amount 
of ionized impurity scattering is doubled. Curve 3 is 
obtained with the same defect scattering as curve 1 and 
all carrier—carrier scattering effects except drag. Curve 4 
represents the mobility when all defect and carrier— 
carrier scattering effects are taken into account. 


carriers undergoing collisions with crystal defects 7 
and among themselves, and a vanishingly small 
concentration of minority carriers being scattered 
by the same crystal defects as well as by the 
majority carriers. The equations for the majority 
carriers are identical to those we have just been 
discussing in the previous Section; the equations 
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for the minority carriers are coupled to them by 
terms in nox 12! which, as we have seen, represent 
the drag effect. We have computed the minority 
carrier mobility as a function of temperature from 
these equations for many different cases. We shall 
illustrate and discuss two of these which are typical. 

Firstly, we consider minority electrons in p-type 
Ge which we take to contain 1-1 x 1015 Ga atoms 
cm?, The ionized impurity concentration was again 
calculated as described in Paper I and the same 
parameters were used as in the calculations leading 
to Fig. 3. In this case the minority carriers are 


lighter than the majority carriers by a factor of 
0-4 (m; = 0-12mo and mz = 0-3mo). Curve 4 of 


Fig. 5 shows the minority electron mobility as a 
function of temperature when all the defect and 
carrier—carrier scattering effects are correctly taken 
into account. Curve 1 is obtained when all carrier 

carrier scattering effects are neglected and only 
defect scattering is operative. Curve 2 is obtained 
on the assumption that (e-h) scattering is identical 
to ionized impurity scattering which would be true 
in fact if the hole mass increased so that the factor 
of 0-4 between the electron and hole masses be- 
came much less than unity. These curves 1 and 2 


are essentially the same as the curves 1 and 2 of 


Fig. 6 in Paper I. Curve 3 in Fig. 5 is calculated 
with the neglect of drag, i.e. with the terms in 
nox\'”) dropped from our equations so that only 
that part of (e—h) scattering, which is analogous to 
ionized impurity scattering, is retained. A com- 
parison of curves 2 and 3 shows that, in this case, 
neglect of the finite mass of the hole is not too bad 
an approximation as far as that part of the (e—h) 
scattering not associated with the relative motion of 
the carriers is concerned. However, curve 4 shows 
that neglect of this relative motion and the associ- 
ated drag effect will produce completely erroneous 
results. Comparison between curve 4 and the ex- 
perimentally determined mobilities in a similar 
specimen given in Paper I shows that the inclusion 
of the electron-hole drag effect in a correct 
description of (e—-h) scattering lowers the calcul- 
ated mobility to about the correct value and 
furthermore gives it the correct sort of temperature 
dependence. We shall show in a future publica- 
tion” that what disagreement there is between 
the experimental results and curve 4 is due mainly 
to the crudeness of our description of the defect 
scattering mechanisms. For the present we wish 
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merely to show the importance of the drag effect 
and how the correct inclusion of (e—h) scattering 
explains the main features of the low temperature 
minority electron mobility in Ge. 

For our second example, we consider minority 
holes in n-type InSb. We shall consider material 


Mobility , 42xlO,* 








- 5 


Temperature, T, °K 


Fic. 6. The mobility of minority holes as a function of 
temperature in n-type InSb containing 10!4 donors/cm? 
In curve 1, the mobility is controlled only by phonon and 
ionized impurity scattering. In curve 2, the amount of 
ionized impurity scattering is doubled. Curve 3 is ob- 
tained with the same defect scattering as curve 1 and all 
Curve 4 


represents the mobility when all defect and carrier 


carrier—carrier scattering effects except drag 


carrier scattering mechanisms are taken Into account. 


with 1014 donors/cm® and assume that compensa- 
tion is negligible, which is not unrealistic. For such 
a concentration degeneracy effects in the electron 
distribution can be neglected down to some tem- 
perature between 10°K and 20°K. In this case, in 
contrast to p-type Ge, the minority carriers are 
heavier than the majority carriers by a factor of 
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0-18mo 0-013mo9) and 


no freeze-out of the majority carriers 


out 14 (777 


furthermore 


ind mo 


irs as the temperature is lowered. Fig. 6 shows 
‘ves for minority holes in InSb analog- 


the same way curves 


ed il 


>) i ¢ 
Ge, curves 2 and 3 do not 


apprect bly one another but, in this 


e 2 is the lower 


ii \ - i 


since the scattered minor- 

han the majority electron. 

vith the neglect of drag has only a 

fect on the mobility. However, curve 4 

inclusion of drag has an enormous effect 
Below ) 


y hole mobility. ibout 27°K 
tne drag is so strong that the holes are 


carried in 
" direction by the electrons and so have 


tne Wrong 
a negative mobility. This is due to the absence of 
freeze-out in material with 1014 donors/cm® and 
the consequent maintenance of a large majority 
carrier concentration at low temperatures. A 
similar effect is obtained in Ge if freeze out of the 
majority carriers is neglected but this, of course, is 
not an easily attainable physical situation in Ge. 
At the drift 


mobility experiments have been carried out in 


present time no low temperature 
InSb but clearly anomalous effects are to be ex- 
pected in n-type material in the low temperature 
region. 

This discussion of the mobilities of minority 
electrons in Ge and minority holes in InSb shows 
that (e-h) scattering, mainly due to the associated 
drag effect, plays a very significant part in limiting 
the mobility of minority carriers at low tempera- 
tures. As previously mentioned we intend justify- 
ing in an empirical fashion,“ our use of simple 
isotropic masses to describe carriers in complex 
bands and at the same time shall show that the 
inclusion of carrier—carrier scattering explains the 
measured minority carrier mobilities in both n- 
and p-type Ge!) over a considerable range of 


impurity concentration. 


APPENDIX 


Some values and expressions for the } and y\% 


defined by 


We pive in 


equation (36) for acoustical phonon and ionized and 


Table 2 the values of the vy), 
neutral impurity scattering up to and including those re- 
quired for calculations in the third approximation 

The carrier—carrier scattering terms, defined in (28), 
(29) and (30), can be evaluated for a coulomb interaction 
potential by the methods developed by CHAPMAN and 


and E. G. § 


PAIGE 


Table 2. Values of the y", defined in equation (36), 

- . ‘Ts - . . 

for the various types defect-scattering mechanisms 
considered. 


Neutral 


impurities 
ay 


Acoustical Ionized 


phonons impurities 


i I 7 2 


Cow inc"!”), Assuming that collisions with impact para- 
meter greater than some value d are negligible, these 


terms can then be expressed in terms of 


Ly log,(1 + 2%), 


[Ie=72 


log,(1+.27) 


Ls 3 log(1 +s *) . 


where 


mM y 


m,+ Mg 


We have taken the case of electrons and holes so that 
[In the notation of CHAPMAN and 
is their Qu (1), our Lz is their A1(2) 


él e2 é. 
COWLING our 2, 
and our 2 is their vo1.] 

The expressions for f\*), which describe (e-e) 
12 


and 


(h-h) collisions, are, for « 


Bix) 


ee = () for all values of r, 
7 


— A(x) 
=p 
f r0 
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where 
M = m,+my. 


Defining 


and the quantities P‘%9)(m) by the expansion 


‘The expressions for x{%P) w hich describe drag of one set [i+ (M;- M,)pq- M ,( ptgq))-m 6? 
of carriers on the other are given, for « ¢ f, by x 
P\A)(n)pigh 
2 ik (")p’q 
J, 


for « # f, the y(**) are given for « ¢ B by 


16kT m Mp 
, u x (af) 
P 00’ 

M m, Mm, 


lap) — ya; x 2) = (af) 
3 y10 bay (Y) M plyoe 


. L: 
(x 2) a. Hx / . § Ae”. pe ee 
[Ps (0)—2M,PP(1)+5M; 1+ OM, 


= yi«A) vo 0)- M Py )+ Malye” 


“a “00 ’ 


(af) — alas) — x 8 ~ 24 ? . (x fi) _ peels _ — = 
Br - V51 = E (0)+ (5M, 2M; )PY (1) M,PY, (1) M, ys “) 


Lo 
B 


+3MgP2(2)—7M(M; + M;)+2M,M,( Pe2A1)— aM) 


4 
\ 
799 / 


2p) = | gO) +(6M3+25)Pe (1) — 2M P21) —2M,(7M; + 4Mg)PA(2) + 


2D(28 2D(4 2) 3 (48) 2 2 2 2 
+ 2M pP@(2)+ 2M ghh3(2)— 6M P\(3) + 2M (16M, + 11M;)+4 


; L 
+ (2PGA(1)—8MpPi(2)+7M; + 20M;)M My 


P 01 
4] 


ao) ae 
+4M,M; pia" 
Ly; 
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Résumé—On sait que la préparation de lames cristallines trés minces présente souvent de trés 
grandes difficultés. L’étude des spectres de réflexion de cristaux aux basses températures peut per- 
mettre de déceler l’existence de raies d’absorption intenses non observables par transmission quand 
l’épaisseur du cristal est trop grande. On montre comment des courbes de dispersion peuvent étre 
obtenues a partir de spectres cannelés dans le cas des halogénures cuivreux. Ces courbes peuvent 
permettre d’évaluer l’intensité d’oscillateur des raies d’absorption a |’aide de relations tirées de la 
théorie de la dispersion anormale de Drude. L’étude de la réflexion sélective peut également per- 
mettre d’obtenir un ordre de grandeur de |’intensité d’oscillateur. On montre que si une raie d’absorp- 
tion intense se traduit dans le spectre réfléchi par une réflexion sélective formée d’un maximum de- 
réflexion (rayons restants excitoniques) suivi d’un minimum (rayons manquants) de plus courte 
longueur d’onde, un palier d’absorption ne doit donner lieu qu’a un simple maximum de réflexion. 


Abstract—It is known that thin crystalline films are sometimes very difficult to prepare. It is shown 
that investigations of reflection spectra of thin solid films at low temperature can give some infor- 
mation about absorption lines which cannot be observed by transmission, if the crystal available is 
too thick. It is shown how interference fringes of thin films can be used to obtain dispersion curves of 
copper halides. These curves are used to evaluate the oscillator strength of the absorption lines 
using Drude’s anomalous dispersion theory. A selective reflection curve can also be used to obtain 
an order of magnitude of the oscillator strength. In the case of a strong absorption line, the reflection 
spectrum has a maximum (excitonic residual rays) followed by a minimum of shorter wavelength 
(‘‘missing rays’’). It is shown that the edge of a continuous absorption should correspond to a 


maximum of reflection only near the wave length of the edge. 


INTRODUCTION de Drude donne des courbes de dispersion et de 
variation du pouvoir réflecteur en meilleur accord 


Lr PRESENT mémoire a pour objet l’étude des 
avec les résultats expérimentaux que la théorie de 


spectres de réflexion de lames minces d’halo- 
génures Cuivreux aux basses températures et des 
renseignements que peut fournir la spectroscopie 
de réflexion au sujet de l’absorption. Cette étude 
est particuliérement importante dans le cas oti les 
lames minces permettant d’étudier |’absorption 
sont difficiles a préparer. On montre comment on concernant Ce Cas. 


Lorentz—Lorenz. La variation des indices d’absorp- 
tion et de réfraction ainsi que celle du pouvoir 
réflecteur au voisinage d’un palier d’absorption 
dans le visible ou le proche ultra-violet a également 
été étudiée. On a pu calculer des courbes typiques 


peut utiliser les spectres cannelés de lames minces 
pour la détermination des courbes de dispersion 1, ABSORPTION DES LAMES D’HALOGENURES 
CUIVREUX ET REFLEXION SELECTIVE 


L’étude de l’absorption a basse température 
d’halogénures cuivreux en lames d’épaisseur 
décroissante montre que le spectre continu et les 


et comment on peut en déduire les intensités d’oscil- 
lateur des raies d’absorption. La réflexion sélective 
au voisinage d’une raie d’absorption peut étre 
expliquée par la dispersion anormale. La théorie 
237 
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raies d’absorption fines observables avec des 
lames relativement €paisses disparaissent avec des 
lames de trés faible épaisseur. Seules subsistent 
alors deux ou trois raies intenses : les ‘“‘raies 
ultimes’’. Ces raies ont été attribuées” a un spectre 
excitonigque de premiere classe conforméement 


aux travaux théoriques d’ELLioTT®), A chacune 
de ces raies trés intenses correspond une réflexion 
sélective formée d’un maximum de lumiere reé- 
fléchie (analogue aux rayons restants des spectres 
de réflexion infrarouges) suivie d’un minimum 
quasi nul (“rayons manquants’’) de plus courte 
longueur d’onde. Le maximum de réflexion co- 
incide, 4 un angstr6m prés, avec le maximum de 
la raie d’absorption correspondante. Ce phéno- 
mene de réflexion sélective est observable avec des 
lames polycristallines ou monocristallines quelle 
que soit leur épaisseur. Les plus €paisses, qui ne 
permettent pas d’observer les raies ultimes, mais 
seulement un fond continu d’absorption dans 
lequel les raies ultimes sont noyées, présentent la 
méme réflexion sélective. Ce fait est important 
pour l’étude préliminaire des propriétés optiques 
d’un corps, car il montre que l'étude du spectre 
réfléchi peut permettre de prévoir la position 
spectrale d’une raie d’absorption intense, méme 
lorsque celle-ci est noyée dans un fond continu 
d’absorption dans le spectre observé par trans- 
mission d’un échantillon trop épais. Cette possi- 
bilité nous parait présenter une grande importance, 
car les lames trés minces sont souvent tres difficiles 


a obtenir. 


2. UTILISATION DES SPECTRES DE REFLEXION 
POUR LA DETERMINATION DES COURBES DE 
DISPERSION 

Pour |’étude des spectres d’absorption excito- 
niques des halogénures cuivreux, il a été nécessaire 
d’utiliser des couches tres minces, souvent de 
l’ordre de quelques dixiémes de micron d’épaisseur. 
Des lames polycristallines trés minces d’halo- 
genures Cuivreux ont été préparées par évaporation 
sous vide, formation d’un jet de vapeur tubulaire 
et condensation sur un support de silice chauffé. On 
obtient ainsi des couches en forme de lentilles 
plan-convexes. Le spectre réfléchi par de tels 
échantillons présente des cannelures déformées, 
ressemblant a des paraboles dont le sommet 
correspond a la partie centrale épaisse de la lame 
et dont les branches s’étendent vers les courtes 


et R. REISS 

longueurs d’onde. La succession des franges est 
interrompue par la réflexion sélective. Si l’on 
prend la précaution d’étudier la couche lenticu- 
laire a partir de son bord présentant les teintes 
grises du premier ordre de |’échelle des teintes de 
Newton, il est possible de numéroter les cannelures 
a partir de la frange sombre d’ordre égal a un, non 
seulement dans la région de transparence du 
cristal, mais méme au-dela de la réflexion sélective. 
On peut ainsi, en pointant les maxima des franges 
noires dans la partie du spectre correspondant a 
la partie la plus épaisse de l’échantillon, tracer la 
courbe exacte de variation du retard optique en 
fonction de la longueur d’onde. Aucune mesure 
d’indice de réfraction ni de coefficient de dilatation 
linéaire n’ayant été faite, a basse température, 
pour les halogénures de cuivre, on ne peut en 
déduire la courbe de dispersion. On peut toutefois 
obtenir un ordre de grandeur de la variation de 
indice en fonction de la longueur d’onde en 
supposant par exemple que Il’indice du corps 


pour la lumiére jaune du sodium est le méme a la 


température de l’azote liquide qu’a la température 
ordinaire. Cette hypothese a été adoptée pour 
tracer la courbe de dispersion de lames d’halo- 
génures cuivreux d’une épaisseur de l’ordre de 
deux microns, avec lesquelles de nombreuses 
franges ont été obtenues dans la région spectrale de 
transparence du corps. 

Des lames trés minces (quelques dixiemes de 
micron d’épaisseur) ont aussi été utilisées car leur 
spectre de réflexion également des 
franges dans la région absorbante du corps; toute- 
fois, la détermination du retard optique manque 
de précision dans la partie de grande longueur 
d’onde du spectre visible ot les franges sont, dans 


présente 


ce cas, peu nombreuses et tres larges. I] est donc 
nécessaire d’adopter par hypothése pour les lames 
trés minces une valeur de l’indice de réfraction 
tirée de la courbe de dispersion tracée pour 
léchantillon épais du méme corps et pour une 
longueur d’onde assez voisine de celles des raies 
ultimes. Cette méthode, qui revient a superposer 
systématiquement les courbes de dispersion de 
lames obtenues par é€vaporation sous vide et 
d’épaisseurs différentes, n’est pas rigoureuse, 
mais permet néanmoins d’obtenir un ordre de 
grandeur de l’indice de réfraction des corps 
étudiés dans une région spectrale ot aucune 


donnée n’existait jusqu’a présent et avec une marge 
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Fic. 3. Spectres d’absorption et de réflexion de lames de CuBr 
d’épaisseur décroissante a 77°K. 








Fic. 4. Spectre d’absorption et réflexion sélective d’une 
lame lenticulaire de CuCl de 0,28 d’épaisseur maxima 
a 77°K. 
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d’erreur que l’on peut estimer a 15 pour cent. 
Cette erreur agit dans le méme sens sur tous les 
points d’une courbe de dispersion ainsi obtenue, 
dont l’allure générale, étant celle de la courbe de 
variation du retard optique, est correcte. 


3. RESULTATS EXPERIMENTAUX 
La Fig. 1 représente les spectres d’absorption 
et de réflexion de lames de Cul d’épaisseur décrois- 
sante a 77 K. La premiere photographie a été 
obtenue a l’aide d’une lame épaisse (5) préparée 


par fusion et solidification sous pression. La raie 
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La réflexion sélective présente ici une 
réflexion 


de 1,3°K.* 
structure fine. Les deux maxima de 
correspondent au doublet de raies ultimes d’ab- 
sorption 4051-4063 A et on distingue des franges 
tres fines entre les deux maxima, ce qui a permis 
d’obtenir quelques valeurs de l’indice de réfraction 
dans cet étroit domaine spectral. 

La Fig. 3 représente les spectres d’absorption 
et de réflexion de lames de CuBr d’épaisseur dé- 
croissante, a 77°K. Dans le cas de la lame épaisse 
(4.) et comme pour l’iodure cuivreux, le spectre 


transmis n’a pas permis d’obtenir les détails du 
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Fic. 5. Courbe de dispersion de Cul a 77°K au voisinage de la 
réflexion sélective. 


d’absorption 4051 A, visible avec les lames plus 
minces, est ici noyée dans un fond continu 
d’absorption, mais le spectre réfléchi présente une 
réflexion sélective au voisinage de cette longueur 
d’onde. Les deux autres photographies ont été 
obtenues 4 l’aide de lames lenticulaires préparées 
par évaporation sous vide. On distingue les spectres 
cannelés déformés et interrompus par la réflexion 
sélective sur les photographies des spectres de 
réflexion. 

La Fig. 2 représente les spectres d’absorption et 
de réflexion d’une lame lenticulaire de Cul 
obtenue par évaporation sous vide, de 0,36 


d’épaisseur maximum et étudiée a la température 


spectre d’absorption, mais le spectre réfléchi per- 
met de distinguer deux phénoménes de réflexion 
sélective (4163 et 3968 A) correspondant aux 
raies d’absorption visibles avec les lames plus 
minces. La lame de 0,2 a permis d’obtenir une 
structure fine de la premiere bande d’absorption 
intense ainsi qu’une structure fine du maximum 
de réflexion correspondant (4147, 4163 et 4170 A). 
La lame de 0,4 a également été étudiée a 4,2°K.@) 
Les spectres de CuCl a 77°K présentent des 
* Cette étude a été faite au Laboratoire des Basses 
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6. Courbe de dispersion de¢ 


particularités analogues a celles de V’iodure et du 


bromure. La Fig. 4 montre les photographies des 


spectres de réflexion et d’absorption obtenus dans 
le proche ultraviolet a l’aide d’une lame lenticu- 
(),28u d’epaisseur maximum obtenue 


le. 


laire de 


par €vaporation sous vic Les raies d’absorption 


et les maxima de réflexion correspondants se 
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CuBr (77°) 
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KX au voisinage de la réflexion sélective. 
situent a 3849 et 3765 A, tandis que les “‘rayons 
manquants” ont pour longueur d’onde approxi- 
mative 3842 et 3740 A. 

Les Figs. 5, 6 et 7 donnent les courbes de dis- 
persion des halogénures cuivreux a 77 K, obtenues 
Les 


selon la méthode précédemment deécrite. 


croix représentent les valeurs obtenues 4 l'aide 
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de lames lenticulaires d’une épaisseur maximum 
de l’ordre de 2 microns, tandis que les cercles 
représentent celles obtenues a l’aide d’échantillons 
d’€paisseur 


de quelques dixiemes de micron 


maximum. 


4. ETUDE THEORIQUE DE LA DISPERSION DE 
CuI AU VOISINAGE DE LA REFLEXION SELEC- 
TIVE D’APRES LA THEORIE DE DRUDE. UTILI- 
SATION DES COURBES DE DISPERSION POUR 
LA DETERMINATION DES INTENSITES D’OSCIL- 
LATEUR DES RAIES D’ABSORPTION 
Nous avons tenté d’utiliser une courbe de dis- 
persion théorique d’aprées la théorie de Drude. 
Celle-ci est valable en principe pour les gaz; mais 
Pélectron étant délocalisé dans le probleme de 
l’exciton, elle peut donner également des résultats 
approchés acceptables dans notre cas. La formule 
suivante a été utilisée dans le cas de Cul : 


Ne2 2AS(A =~ Ny) 


4(A—A,)*+ yar 


mmc= 


2A3(A—Az) 


fo (1) 


9\9/° 


4(A—A2)* + YoAs 


> 


ou 7 est l’indice de réfraction, N le nombre d’ions 
de chaque sorte par centimetre cube, e la charge de 
V’électron, m sa masse, c la vitesse de la lumiere, 
d la longueur d’onde, A; et Az les longueurs d’onde 
4051 et 4063 A des raies ultimes d’absorption. Les 
intensités d’oscillateur f; et fo caractérisent la con- 
tribution des électrons d’un ion a la fréquence 
propre considérée. Les coefficients d’amortisse- 
ment y; et yo ont été déduits de la largeur des 
raies d’absorption. Enfin, la contribution n° des 
fréquences propres éloignées de la région spec- 
trale étudiée a été supposée légerement variable 
conformément a la relation : 
" Ne? AB 2 
No = 1+ /3 
amc2 \2— AB ' 
ou l’indice 3 est relatif a la raie d’absorption ultra- 
violette de CuI de longueur d’onde 3355 A.“ 
Cette approximation ne tient pas compte toutefois 
de l’absorption continue que présente l’iodure 
cuivreux de part et d’autre de cette raie. 
Les relations (1) et (2) ont été utilisées pour 
ajuster les parametres fi, fo et fs, de facon a 
obtenir un bon accord avec la courbe de dispersion 


expérimentale. Celle-ci a été tracée a l’aide des 
cannelures observées 4 1,3°K avec une lame tres 
mince dont les spectres ont été représentés sur la 
Fig. 2. Elle est représentée par des croix sur la 
Fig. 8 et differe de la courbe de la Fig. 5 par le 
fait que des valeurs de m ont également pu étre 
représentées dans le domaine spectral compris 
entre les deux raies d’absorption. Les valeurs 


suivantes ont été obtenues: 


1,03 


oye 
Ge Cal 2 13% 


ROWE Ge TOEfFACMOR BU VOtSE. 


LOlel Ge rates UWllimmes 


Gd O 
réfraction de Cul 
Drude. 
expérimentales ont été obtenues a l'aide du spectre 


FIG 5. indice de 


(a 1,3°K) d’aprés la théorie de 


Variation de 


Les valeurs 


cannelé visible sur la photographie du spectre réfléchi 
de la Fig. 2. 


Sil’on utilise la courbe de dispersion représentée 
sur la Fig. 5 et concernant un échantillon a 77°K, 
on peut de méme calculer la valeur d’un f global 
pour le doublet de raies ultimes et l’on obtient 
ainsi la valeur 11,5 x 10-8, c’est-a-dire la somme 
fitfe. Cette valeur est nettement supérieure a la 
valeur de f obtenue al’aide dela courbe d’absorption 
a 77°K, qui était de l’ordre de 6x10-% pour 
l’ensemble des deux raies ultimes.) ‘Toutefois, 11 
faut remarquer que lintensité 
d’oscillateur a partir d’une courbe de dispersion 


Vévaluation de 


est trés sensible a la précision de la détermination 
des indices : si l’on admet sur m une incertitude de 
15 pour cent, l’erreur relative sur f est de l’ordre 
de 35 pour cent, alors qu’elle n’influence que dans 
la proportion de 15 pour cent sur ]’évaluation de 
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f a l'aide de la courbe d’absorption. Compte tenu 
de cette remarque, on peut donc en conclure que 
l’on obtient pour f des résultats du méme ordre de 
1 ee were 1 wal rs 
grandeur a l’aide d’une courbe de dispersion qu’a 
l’aide d’une courbe d’absorption. 
La Fig. 8 donne la courbe théorique de variation 
Cul 


Les valeurs expérimentales sont presque toutes 


de l’indi de réfraction de ainsi obtenue. 


sensiblement sur la courbe théorique. 
Cette étude montre que l’on peut déterminer 
l’intensité d’oscillateur des raies d’absorption a 


parti des spectres cannelés observés par réflexion. 


La précision sera certainement meilleure si l’on 
peut utiliser le spectre cannelé d’un cristal mince 
au lieu de celui d’une plage polycristalline. 

Enfin, 
courbe expérimentale prouve que la formule de 


l’accord entre la courbe théorique et la 
Drude est applicable dans ce cas. 


5. UTILISATION DE LA REFLEXION SELECTIVE 
POUR LA DETERMINATION DE L’INTENSITE 
D’OSCILLATEUR D’UNE RAIE D’ABSORPTION. 
VARIATION DU POUVOIR REFLECTEUR AU 
VOISINAGE | D’UNE RAIE D’ABSORPTION 
D’APRES LA THEORIE DE DRUDE 

On peut également obtenir un ordre de grandeur 
de l’intensité d’oscillateur d’une raie d’absorption 
a partir de la réflexion sélective. En effet, le facteur 
de réflexion normale 


(n—n')°>+ y" 
R : (3) 
(n+n')°>+y* 
admet un minimum pour 2 = n’, n’ étant l’indice 
de l’azote liquide dans notre cas, minimum quasi 
nul si l’indice d’absorption y est sufhsamment 
faible. 

Dans le cas de Cul, on peut donc admettre que 
pour la longueur d’onde des “rayons manquants”’ 
A = 4043 A, l’indice n est voisin de celui de |’azote 
pouvant étre évaluée 


x 
d’aprés la courbe de dispersion et y? étant néglige- 
able devant n? pour la longueur d’onde des rayons 


liquide. La valeur de n; 


manquants, la formule de Drude simplifiée pour 


le voisinage immédiat d’une raie d’absorption : 


permet d’évaluer l’intensité d’oscillateur 


et R. REISS 


raie. On obtient ainsi la valeur 8x 10-% pour la 
raie 4051 A (a 77K). Toutefois, l’erreur relative 
sur f dans cette méthode est de l’ordre de 75 pour 
cent si l’on admet une incertitude de 15 pour cent 
sur ” et sur 7. 

Une méthode plus précise nécessite la mesure 
absolue de la variation du pouvoir réflecteur de 
part et d’autre de la réflexion sélective. On peut 
alors aisément tirer les valeurs de m d’apres la 
relation (3) ot l’on néglige l’indice d’absorption. 
Mais, comme précédemment, une source com- 

pour 


plémentaire d’information est nécessaire 


l’évaluation de m,, en vue du calcul de f d’apres 
la formule (4). 
La théorie de Drude donne également la re- 


lation 


\ eA: 
2nX = 


7mc* 4(A — Ay )? + yA" 
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Fic. 9. Variation du pouvoir réflecteur au voisinage 
d’une raie d’absorption, dans le cas de Cul (77°K) et 
d’aprés la théorie de Drude. 


Les formules (4) et (5) permettent de calculer 
n et y pour chaque longueur d’onde dans le 
voisinage d’une raie d’absorption, en admettant 
une valeur de f; déterminée par l’une des trois 
méthodes précédemment citées (courbe de dis- 
persion, courbe d’absorption ou réflexion sélective). 
On peut donc calculer la valeur du pouvoir ré- 
flecteur pour chaque longueur d’onde en portant 
les valeurs de n et y dans l’expression (3). La Fig. 
9 donne la courbe théorique de variation du 
pouvoir réflecteur de Cul obtenue au 
voisinage des raies ultimes. La courbe expéri- 


ainsi 


mentale également représentée sur la figure a été 
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obtenue avec un cristal épais de Cul a 777K. 
L’écart entre les deux courbes est inférieur aux 
marges d’erreur admises qui sont relativement 
importantes. Cette étude montre néanmoins que 
la théorie de Drude rend bien compte de |’existence 
d’un maximum de réflexion correspondant a une 
raie d’absorption ainsi que de celle d’un minimum 
de lumiére réfléchie de plus courte longueur 


d’onde. 


6. UTILISATION DE LA THEORIE DE LORENTZ- 
LORENZ 


La méme étude a également été faite a l’aide de 
formules tirées de la théorie de Lorentz—Lorenz : 


le cas de raies d’absorption excitoniques des halo- 
génures cuivreux (et probablement dans tous les 
cas correspondant a des spectres excitoniques). 


7. VARIATION DES INDICES D’ABSORPTION 
ET DE REFRACTION ET DU POUVOIR RE- 
FLECTEUR AU VOISINAGE D’UN  PALIER 
D’ ABSORPTION 

Les spectres d’absorption des cristaux présent- 
ent souvent des paliers d’absorption. I] nous a 
paru important d’examiner si un palier d’absorp- 
tion pouvait donner lieu a des phénomeénes de 
réflexion sélective analogues a ceux obtenus dans 
le cas des halogénures cuivreux et pouvant étre 


No+2 (3(nez —1)/(n s+ 2)\(A—Ao)? + A(4—- nz\(r - Ao(Asy? 4)— A? 


yo 
[A—Ap — A(nz, + 2)/3 2 + A2y?/4 


(/) 


Ne?\3 
ou A= =) 
67mc? 


On peut montrer‘) que les intensités d’oscillateur 
obtenues d’aprés les théories de Lorentz—Lorenz 
et de Drude sont lies par la relation : 


Wid oar 
. (ny, +2)]? fprude 


de sorte que les valeurs de f obtenues a |’aide des 
formules (6) et (7) pour Cul sont environ dix fois 
plus faibles que celles obtenues a |’aide des for- 
mules de Drude. 

L’intensité d’oscillateur de la premiere raie 
d’absorption excitonique a été évaluée d’autre 
part) d’aprés les travaux d’ELLioTT et le résultat 
théorique est en meilleur accord avec les résultats 
expérimentaux si l’on utilise les formules de Drude 
que si l’on utilise celles de Lorentz—Lorenz®, 
Les courbes de variation de l’indice de réfraction 
et du pouvoir réflecteur que l’on obtient en 
utilisant les formules (6) et (7) sont également en 
moins bon accord avec les courbes expérimentales 
que si l’on utilise les formules de Drude.” 

On peut doncen conclure que la théorie de Drude 
donne des résultats approchés acceptables dans 


[A—Ap— A(nd + 2)/3]2 +A? 92/4 


confondus avec ceux obtenus au voisinage des 
raies ultimes. 

Les travaux de Prins‘) et plus récemment de 
PARRATT et HEMPSTEAD") ont montré qu’un palier 
d’absorption dans le domaine des rayons X pouvait 
entrainer l’existence d’une dispersion anormale. 
Les mesures absolues d’absorption ayant révelé, 
dans le cas de Cul, l’existence d’un fond continu 
d’absorption au dela de la raie 4051 et vers les 
courtes longueurs d’onde, il était nécessaire 
d’envisager la possibilité que les spectres de 
réflexion observés soient dis en réalité a une 
simple discontinuité d’absorption. 

Souvent le spectre d’un échantillon trop épais 
présente une limite plus ou moins nette d’absorp- 
tion. Il est important de se rendre compte de 
l’aspect de la courbe de réflexion a cet endroit 
du spectre afin de pouvoir distinguer un palier 
d’une raie d’aprés le spectre de réflexion. 

PRINS a étudié le comportement des indices 
d’absorption et de réfraction des corps présentant 
un palier d’absorption dans le domaine des rayons 
X, Vintensité d’oscillateur décroissant vers les 
courtes longueurs d’onde selon une loi en A. Les 
simplifications qu’il a faites ne sont pas valables 
dans les domaines du visible et du proche ultra- 
violet. Les calculs ont donc été repris et nous 
avons obtenu les relations suivantes, valables dans 
le voisinage immédiat d’un palier d’absorption et 
dans le domaine spectral du visible, du proche 
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ultraviolet ou du proche infrarouge : 


Nn” — ¥* — Nex 


if 2 y arc COS 


2nXx 
(5 Y)4 arc COS 


ou Ly représente le logarithme népérien et ot l’on 
a pose 


N fye"A; : 
et } 


[4(A v1)? n y?A*}} 2 
2amc2 vue 


Dans le second membre de la relation (8), le 
terme en arc cosinus est négligeable lorsque l’amor- 
tissement y est inférieur a 0,01. Si les valeurs de 
indice d’absorption sont faibles devant m, on 
peut donc s’attendre a trouver pour la variation de 
l’indice de réfraction une courbe continue et a peu 
A. 
Cette courbe passe par un maximum pour cette 
valeur de la longueur d’onde. Dans le 
membre de la relation (9), les deux premiers 


termes de l’expression entre crochets deviennent 


prés symétrique par rapport a l’abscisse A - 


second 


négligeables lorsque l’amortissement est inférieur 
a 0,001. En se bornant aux déterminations de l’arc 
cosinus comprises entre 0 et z, l’expression prend 
des valeurs distinctes de part et d’autre de la 
fréquence propre, ce qui traduit bien la notion de 
palier. 

Des courbes de variation des indices d’absorp- 
tion et de réfraction et du pouvoir réflecteur ont 
été tracées en adoptant pour f), 7 et y les valeurs 
expérimentales admises pour la raie ultime 4051 A 
de liodure cuivreux. Elles sont représentées sur 
les Figs. 10, 11 et 12. La courbe de variation de 
d’un palier ne 
JA Ao, qui 


V’indice d’absorption est celle 


aucun maximum pour 


presentant 
puisse étre confondu avec une raie d’absorption. 

La courbe de variation de l’indice de réfraction 
a le caractére décrit au paragraphe précédent; elle 
est en complet désaccord avec la courbe de dis- 
persion expérimentale de dispersion de Cul. En 
portant dans l’expression (3) les valeurs de n et x 
tirées de (8) et (9), on obtient la courbe de variation 


et R. REISS 
du pouvoir réflecteur représentée sur la Fig. 12. 
Cette courbe est a peu prés symétrique par 
rapport a A = 4051 A et présente un maximum 
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Variation de l’indice d’absorption au voisinage 
d’un palier, admise dans nos calculs. 
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Fic. 11. Variation de l’indice de réfraction au voisinage 
d’un palier d’absorption. 





4000 4050 4100 4150A 

Variation du pouvoir réflecteur au voisinage 

d’un palier d’absorption. 

pour cette longueur d’onde. Elle ne présente 

aucun minimum susceptible de rendre compte des 
rayons manquants. 

La présence, dans le spectre de réflexion, d’un 


corps solide, d’une bande de rayons manquants 





SPECTROSCOPIE DE REFLEXION ET REFLEXION SELECTIVE DES HALOGENURES = 245 


a coté d’un maximum de lumiére réfléchie et de 
plus courte longueur d’onde indique donc la 
présence d’une raie d’absorption intense. Un 
simple maximum de réflexion non suivi de rayons 
manquants peut indiquer un palier d’absorption. 

Dans cette étude, nous avons considéré une 
forme tres particuliére de palier. I] est naturelle- 
ment possible que d’autres formes de _palier 
donnent des résultats légerement différents. II 
y a toutefois lieu de noter que dans les cas étudiés 
experimentalement, le palier est moins brusque 
que celui admis dans notre étude. L’influence du 
palier sur la courbe de réflexion est donc arti- 
ficiellement accentuée dans notre étude, ce qui 


renforce nos conclusions. 


CONCLUSIONS 
Il résulte de cette étude que la spectroscopie de 
réflexion peut permettre : 
(1) de déceler l’existence de raies d’absorption 
intenses non observables par transmission avec 


des lames épaisses, dans lesquelles la raie pourrait 
étre masquée par l’absorption continue. Ceci nous 
parait étre un test important, car il est souvent 


tres difficile de préparer des lames cristallines 
minces, qui permettraient d’observer la raie. 

(2) de tracer des courbes de dispersion a partir 
de spectres cannelés. 

(3) d’évaluer l’intensité d’oscillateur des raies 
d’absorption. 

(4) de déceler l’existence de paliers d’absorption 
qui devraient donner lieu 4 un simple maximum 


de réflexion, tandis qu’une raie d’absorption in- 
tense se traduit dans le spectre réflechi par un 
maximum de réflexion analogue aux “rayons 
restants’’ suivi de “rayons manquants”’ de plus 
courte longueur d’onde. 


Dans le cas des halogénures cuivreux, la ré- 
flexion sélective observée aux basses températures 
peut s’expliquer par la théorie de la dispersion 
anormale de Drude. L’intensité d’oscillateur de 
la raie ultime 4051 A de Viodure cuivreux a été 
évaluée a 6 x 10-8 a Vaide de mesures d’absorption 
et a 11,5 x 10-%a l’aide dela courbe de dispersion. 
Ces résultats sont en bon accord, compte tenu de 
la marge d’erreur expérimentale, avec les travaux 
théoriques d’ELLIOTT qui permettent de prévoir 
une valeur du méme ordre de grandeur. 
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Abstract 


A treatment has been given of diffusion through membranes of a material in which the 


solute dissolves to give two non-stoichiometric phases with a concentration discontinuity between 
them. Such systems include hydrogen in palladium and in other transition metals. It is shown how 
the discontinuity which appears in the concentration gradient modifies the determination of diffusion 


coefficients by permeability or time-lag measurements. 


Tue isotherms of hydrogen in palladium, titanium, 
zirconium, thorium and some other transition 
metals are characterized by discontinuities, 1.2.5.4) 
These correspond to sharp transformations of the 
hydrogen-transition metal alloys from hydrogen- 
poor to hydrogen-rich phases. When, therefore, 
under the right conditions of temperature and 
pressure, hydrogen diffuses through metal mem- 
branes of these elements it is possible to have con- 
centration gradients across the membranes which 
have a concentration discontinuity. Much also 
depends upon the state of the surface, for slow 
phase-boundary may so dominate 
transport through the membrane that concentra- 


tions within the membrane no longer compass the 


pre CESSES 


range within which the discontinuity is found. +6.) 
However, with the surfaces in a suitably active 
state these slow phase-boundary processes can 
be absent,® and the rate-controlling step is then 
intra-crystalline diffusion only. 

In the past the effect of the discontinuity in 
the concentration gradient upon measurements of 
diffusion coefficients, D, of hydrogen in palladium 
has not been considered.) Important methods of 
measuring D are based upon the steady state flux 
f hydrogen through the membrane and upon the 
time-lag, L, in setting up the steady state of 
flow.(9. 19,11) Accordingly a 
given of diffusion appropriate to the hydrogen 


treatment will be 
palladium system when a concentration discon- 
tinuity is present, in order to enable flux and time- 
lag measurements to te more correctly used. 


FORMULATION OF THE PROBLEM 
At a succession of times, fj, fg, ..., the con- 
centration gradients in absence of rate-controlling 
phase-boundary processes are those shown in 
Fig. 1, across a membrane of palladium bounded 
by planes x = / and x = 0). There is a concentra- 
tion drop (c;-c2) which is constant in magnitude 














x=O 


x x 


Fic. 1. Concentration gradients at a succession of times. 
(Rate-controlling phase boundary processes absent.) 


and which moves across the membrane to a final 
position, independent of time. The boundary 
conditions and diffusion equations are as follows. 


For the region X <x</ 


/ for all t 
X for all t. 





DIFFUSION WITH A 
For the region0<x< X 
Oc 
ét 
= ¢o atx = X for all t 
c = Oat x = 0 for all ¢. 
Also for0<x</ 
c= Ofer t = ¥. 


At the boundary x = X conservation of mass 
gives the further condition 
dc d(l—X) 


tie) . 4eg~eQ) — 
| a% | wax ( ) at 


(8) 


t} g=X 


In these equations D; and Dz are the diffusion 
coefficients of hydrogen in the hydrogen-rich and 
the hydrogen-poor Pd-H alloys respectively. 


SOLUTION OF THE EQUATIONS 
Equation (1) and the relevant boundary con- 
ditions can be satisfied by a solution of the form, 
for X<x<l 


l—x 
C= cot+(c1—co) _ ra Fi\(l—x, l—X, t) (9) 


if F, is appropriately chosen. For various purposes 
we have in mind it is not necessary to delineate 
F, more exactly. Similarly equation (4) and the 
relevant boundary conditions (5), (6) and (7) for 
()<x<X can be satisfied by a solution of the form 

¢ = Co(x/X)+ Fo(x,X,t). (10) 
From equations (9) and (10) the mass conservation 
condition becomes 


Dy(co—¢1) dF 


dx 


dF 


De { a 


d(l—X) 
dt 


a=X 


z=X 


+(¢2—¢1) =0 (11) 


Equation (11) cannot readily be solved to give X 


as a function of ¢ for any appropriate choice of F) 
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and Fy. However, we may assume as an approxi- 
mation that the boundary at « = X advances 
sufficiently slowly for quasi steady-state concen- 
tration gradients to be established in the regions 
X<x<l and 0<x<X respectively. This may be 
a good approximation for the first region though 
less satisfactory in the second. With the above 
simplification equation (11) is replaced by 
Dj(co—¢1) Doce d(l— X) 

ae See ee ee +(¢2—¢1) — — 

l-X X at 
This equation can be solved to give 


et oe a 
At = ()—-X)\——+4/—afl-+a)in 


where 


F Dy(co—¢1) + Doce 


(c1 —c2) 


(14) 


Doce 
Dj(¢9—¢1) + Doce 


= X moves right through the membrane to 


If co = 0, then (as shown below) the boundary 
x 
x = 0, and equation (13) becomes 


Di(co—¢1) (/—X)? Z 
he a SF (15) 
Cl Z 

which is a normal quadratic law for the rate of 
migration of the boundary. The time at which the 
boundary x = X reaches the outgoing surface 
x = Ois then 

¢] 
(16) 
Dy(co— 1) 


In this special case there is no flux through the 
membrane until the break-through time 7, which 
replaces the time-lag, L. 

We may consider the results of this Section in 
relation to the Hs—Pd isotherms of GILLESPIE and 
Hatv2), Neglecting hysteresis effects we find the 
following approximate values of co, cy and ca: 

At 0°C: co = 68:3 cm® at S.T.P. of Ho/g (at 

30 mm pressure) 
q\= 61:7 
x 1-7 


c2 





and 
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S.T.P. of 


30 mm pressure) 


63-3 cm? at 


Sf -() 


4-() 


We assume absence of slow phase-boundary pro- 
cesses,” that* D, | lat 0'C and 


the thickness, /, of the membrane to be 


10-8 cm* sec 


the energy of activation for diffusion approximates 


Rates 


to 6800 cal/g atom,‘8) then D, 3°46 x 10-6 cm? 
sec”! at 30°C. 

The break-through time, 7, 
(16), neglects the effect of co, 
derivation. At 0°C the data given above then lead 
to T 1 mm the 


membrane, and at 30°C 7 = 185 min. The ratio 


given by equation 


according to its 


779 min. for a thickness of 


* This choice of D; is reasonable, but is based only 
generally upon previous researches because it is felt 
that uncertainties due to slow phase-boundary reactions 
and to concentration discontinuities, and experimental 
uncertainties, make it undesirable to select a particular D 
from literature values. In general these values may tend 


to be low. 


1 mm. If 
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of T to the time-lag, LZ, defined by equation (39) 
(L = 1?/6D2) is 
T 3c) De 
L o@—a Dy 
This ratio is 28-1 (Do/D,) at 0°C and 23-0 (D2/D)) 
at 30°C. 


The rates of migration of the boundary at x = X 
as given by equation (13) and by the quadratic 


of migration of the boundary at x = X 


law of equation (15) have also been compared. ‘The 
results are shown in Fig. 2, where [(1—X//)] is 
plotted against 4/(Dt//?). The above data from 
GILLESPIE and HALL are employed, and it is 
assumed that D; = Do = D. Curves 1 and 2 relate 
to 0 C and curves 3 and 4 to 30°C. Initially, 
equations (13) and (15) follow similar courses; 
later, however, they diverge considerably. The 
boundary x = X does not under all conditions 
migrate right through the crystal (see next Section) 
but may move to a final position, after which it 
remains stationary. Thus, curves 2 and 4 approach 
respectively the asymptotes [1 —(X,,//)] shown as 
short horizontal lines on the diagram. 
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THE EQUILIBRIUM POSITION OF THE 
BOUNDARY AT x = X. 

When t-> © the equilibrium position of the 
boundary can be found without approximation 
from equation (11). For then d(/—X)/dt = 0, and 
the transient state terms involving F and Fs in the 
the 


equation vanish. Therefore, if X,, denotes 


value of X at t = 00, equation (11) gives 
l 
— (17) 
{1+ [Di(co —¢1)/Dec2]} 

It is then seen that Xx — 0 (i.e. the boundary x = X 
moves right through the membrane) if 
D,(co—¢1)/Daczg > 1, and that Xx —>/(the boundary 
remains at the ingoing surface x=/) if 
Dy(co—¢1)/Deocg < 1. The boundary occurs at the 
mid-plane of the membrane if Dj(co—¢1)/Doco = 1. 
We have using the values of co, c, and cz quoted in 
the previous Section calculated the equilibrium 
positions of the boundary x = X. The results are 
presented in Table 1. Small values of Xqa// 
correspond to positions of Xq close to the out- 
going face of the membrane, x = 0 (Fig. 1). 
Such a position for Xq~ is favoured by large ratios 


D,/Do. 


Table 1. Equilibrium positions of the concentration 
discontinuity at x = X. 


Ratio 
D;/De 


-720 
-508 
500 
340 


‘205 

-147 
0-114 
0-049 
0-025 
0-0 


THE FLUX 
The flux, J, at the outgoing surface x = 
be given from equation (10) as 
dc Doce 
= + Ds | = - 
ax X 


z=0 


0 can 


dF 


) (18) 


z=0 


+ (De 
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In the steady state, therefore, when the transient 

state term [Do(dF2/dx)|,~o is zero, this flux is 
Doce D,(co—¢1) 

0 meee (19) 
P l—X, 


x 


By substituting the value of X» given by equation 
(17) in equation (19) this steady state flux is found 
to be 

J D,(co— 1) — Doce 

Se (20) 

l 

when D, = Do = D. From the isotherm values of 
Co, ¢) and co we can then determine X~ and D. In 


this case 


(21) 


Thus, by ignoring the concentration discontinuity 
Dapp Co l 


steady state fluxes expressed as J; 
gives values of Dap» such that 


Dapp 
D 


The values of co, cy; and cg quoted in an earlier 
Section can be used in equation (22) to derive 
values of Dapp/D. These ratios are 0-1215 and 
0-1785 at 0° and 30°C, so that true values of D can 
be much those derived from 


larger than 


J : Dapp (co l). 


CONCENTRATION DISTRIBUTION AND 
AMOUNT SORBED WHEN tf -> « 
The steady state distributions corresponding to 
t = © are obtained from equations (9) and (10) 
on dropping the terms in ¢ and on setting X= X~. 
Then, substituting equation (17) for Xa, one finds 


l—x 


{1+ (D;/D2)[(co—e1)/e2]} 
Cc cot+(c1—€o) | ] 


(D,/De2)[(co—¢1)/c2| 
(23) 
</ and 


X 


(1 + (D1/D2)[(co—¢1)/c2]} 


for Aw < # 


(24) 


c= C2 


for 0<x<X.. The amount sorbed in the mem- 
brane is, per unit area, 


O.. = {art+3(co— 1) }(/— X,) + 402° Xe 





R. ASH 


230 


which on substituting for X. from equation (17) 
becomes 

life + 4(co -¢1) (Dj Dz)|(co C}) co] + kco} 
O 
a f1+(D, D2){(co -¢})/c2}} 


(25) 


Had there been no concentration discontinuity 
the amount sorbed per unit area would have been 


0, $/cg so that the ratio 


0, 


mica +4(co—¢1) (Di /De2)[(co—¢1)/c2] + $2} 


0, co{1+(D;/De2)[(co—c1)/c2}} 


This ratio is > 1 or <1 according as 


THE TIME-LAG 


If V is the volume on the outgoing side of the 
membrane and Cy the concentration in the gas 


phase then 


(28) 


where J is given by equation (18). We then have 
t , 
Doce 5 
0 
(29) 
The right-hand side of equation (29) is thus the 
sum of two integrals, /; and Js, defined by 


i 


Doce “at 


ake 8 


To evaluate /; we may substitute for dt using 


equation (12) and obtain 


Doce 


and R. 
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Doce | ; l+a 
X—/+(/+a)lIn “| 
Ata 


VA | 
By substitution from equation (13) one obtains 
finally 
Dj(co— cy) + D. co 
i= - —~t— 
V1 
As t+ 0, X +X~ and so I; + (lh) where, sub- 
stituting for X~ from equation (17). 


(¢1 20 co)(I—X)? 


32 
21V 2) 


Di(co—¢1) + Dace 
oe 
{, (a-e)PDYo-a1)? |, 
“ 2fDi(co—e1) + Daca’) 


(33) 


In order to evaluate Jz an explicit solution for 
the transient state component Fo is essential. If 
(Je) is the value of Jz when ¢ > 00, we may expect 
Cy to approach the asymptote given by 

: Dj(co— 1) + Dace 
” a a 
V1 
( (c1—e2)2Di(co—a1)? 
x t— — 
2[D1(co—¢1) + Doce} 
V1 


v : (12) x 
Dy(co— ¢1)+ Doce 


The intercept made by this asymptote on the 
axis of ¢ is the time-lag, L: 
V1i(I2), 


Dy(co—c) + Dace 
(35) 


7 (c1 —¢2)I2D5(co— 1)? 
as 2[D3(co—c1) + Docs} 


In the special case when D, (co—c 1) < Doce it has 
been shown (see equation (17) that X remains 
near to / in Fig. 1, i.e. X and Xx, ~ /. In these 
circumstances the first term on the right-hand 
side of equation (35) is negligible and the appro- 
priate solution for F» is 


F’o(x,X,t) = Co(X X)+ 


nox Don?t 
a 
X \ X? 


(36) 


COS Nar 
sin 
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whence, writing X ~/, 


col —-2eal S COS Nr Don?x2t 
- aa = 3 —EEE exp | = « 
| P 


n2 
1 
(37) 


In this case, recalling the condition 
Di(co— 1) < Doce, 
the time-lag in equation (35) is 
2 


L~ ——: (38) 
6D> 


The time-lag treatment given above, in so far 
as it has involved the approximate equations (12) 
and (13) to derive (11), is itself approximate. It is 
therefore of interest to continue the steady state 
assumption of equations (12) and (13) through the 
next step, by omitting the transient state term in 
(dF2/dx),—o in equation (29). This makes (Jo). = 0 
in equation (35) and results in the time-lag 

(cy _ c2)I2D¥(co _ o)? 
—$___—_—__———— (39) 
2[Di(co—¢1) + Doce}? 


This approximation would not be satisfactory 
when Dy (co—c1) < Doce, since, as shown above, L 
according to equation (39) tends to zero, but 
should in fact be /?/6D2 (equation (38)). On the 
other hand equation (39) may give a satisfactory 
value for L when Dj (co—cy)> Doce, and so when 
Xq@ is near zero in Fig, 1. In this extreme, equation 
(39) reduces as required to the break-through 
time, 7’, of equation (16), if as for equation (16) cs 
is <c,. Therefore in this limiting case (J2).—>0. In 
cases where X~ is near but not at X = 0 we may 
therefore suppose the time-lag to approach its 
value as given by equation (39), but where X, 
is near x = / this time-lag approaches the value 
given by equation (38). When D; = Dz and co, ¢ 
and co have the values already given 7/L from 
equations (16) and (39) have the values 2-05 at 
0°C and 3-99 at 30°C. 

In the range of Xa values where equation (39) 
is satisfactory it follows that by measuring an 
apparent diffusion coefficient, Dapp, from the 
expression L = /2/6Dapyy one 


usual time-lag 
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evaluates a quantity 


D [Dj(co—¢1) + Doce 8 
app > 3(c1 —¢2)(¢o—¢1)2D? 


(40) 


which, if Dj = Do = D reduces to 


[(co— C1) +c2}8 
: (41) 
3(¢1—¢2) (co— 1)" 
Thus time-lag derivations of D as well as deriva- 
tions based upon the steady state of flow (equation 
(22)) may be considerably in error. As indicated in 
another paper,” a further complication can arise 
if slow phase-boundary processes are also involved. 
Thus the derivation of diffusion coefficients from 
experiments on flow through palladium mem- 
branes provides some interesting problems. ‘The 
ratio of the apparent values of D based on equations 
(41) and (22) is 
col(co— 1) + ¢2}* 
3(¢1—¢2) (co— a1)? 


(42) 


(Dapp) equation (41) 


(Dapp) equation (22) 


so that different values of Dapp can in general be 
expected from the two methods. 

The ratios Dapp/D based on equation (41) and 
the values of co, c, and ce given earlier are 0-073 
and 0-174 at 0°C and 30°C respectively, so that the 
time-lag may give results in error by an order of 
magnitude unless proper allowance is made for the 
concentration discontinuity. The ratio 


(Dapp) equation (41) 
(Dapp) equation (22) 


given by equation (42) is 0-60 at 0° and 0:97 at 
30°C, the two diffusion coefficients 


being here reasonably consistent. 


apparent 


CONCLUSION 

Although not rigorous in all its aspects the fore- 
going treatment of diffusion of hydrogen in palla- 
dium should enable much more correct use of 
time-lag and permeation data to be made, and more 
nearly correct values of diffusion coefficients to 
be evaluated. Since the values of co (but not of 
cy and cg) depend upon pressure the apparent 
values of D derived without correcting for the 
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discontinuity would vary with 


concentration 
pressure and so with co. Thus a spurious concen- 


tration dependence of Dapp would arise. 

In an ideal interstitial diffusion the interstitial 
atom makes single jumps from one site to the next. 
If the sorption isotherm for atoms follows Lang- 
muir’s equation (ideal localized sorption) then the 
true values of D should not depend upon con- 
centration.“3) It is likely that the hydrogen 
palladium system approaches nearly enough to 
this ideal to justify the assumption of constant D 


and Db. 
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Zusammenfassung — Unter einer ‘‘Staffel’’ verstehen wir jene linienfoérmige Fehlstelle, die ent- 
steht, wenn ein Teil eines Stapelfehlers senkrecht zu seiner Ebene um eine Netzebene verschoben 
wird. Man bezeichnet die Staffeln auch als “‘Sprunglinien’’, da sie in Spriingen in aufgespaltenen 
Versetzungen auftreten, bei denen die Einschniirung an der Sprungstelle nicht vollstandig ist. Fiir 
das kubisch-flichenzentrierte Gitter wird die Geometrie der Staffeln, die den resultierenden 
Burgers-Vektor Null haben, jedoch als Versetzungsdipole aufgefasst werden kénnen, in Einzel- 
heiten besprochen. Bei der Berechnung der Linienenergie wird eine spezielle Staffel, wie sie als 
Sprunglinie in Stufenversetzungen auftreten kann, ins Auge gefasst. Sie kann als Leerstellenreihe 
aufgefasst werden, wobei jedoch eine Leerstelle tiber die Lange von drei Burgers-Vektoren b der 
vollstiindigen Versetzung verteilt ist. Die Linienenergie dieser Konfiguration kann mit Hilfe der 
Elektronentheorie der Metalle berechnet werden. Das Ergebnis einer ausfiihrlichen Diskussion ist, 
dass in einem einwertigen Metall der Fermi-Energie ¢ eine untere Grenze fiir die Linienenergie 7 
der Staffeln etwa 0,1 ¢/b betragt. Daraus folgt in Ubereinstimmung mit friiheren Ergebnissen von 
‘THOMPSON und SEEGER — dass T' zu gross ist, um einen nennenswerten Einfluss auf die Sprung- 
energie von kubisch-flachenzentrierten Metallen zu haben. Im Anhang wird gezeigt, dass in 
Bornscher Naherung ein eindeutiger Zusammenhang zwischen der Anderung der Elektronenenergie 
und der die Gitterfehlstellen abschirmenden Ladung besteht, so dass die Bornsche Naherung fiir die 
Bindungsenergie von Gitterfehlstellen den Wert Null liefert. 


Abstract—By a “‘step’’ in a stacking fault we mean the line defect which is generated when part of a 
stacking-fault is displaced perpendicular to its plane by one lattice plane. It is also known as “‘jog- 
line’’, since it occurs in jogs in extended dislocations the constriction of which is not complete. Steps 
are line defects with zero resultant Burgers vector but can be considered as dislocation dipoles. 
Their geometry in the f.c.c. lattice is discussed in some detail. For the purpose of calculating tne line 
energy T of steps, attention is fixed on a certain type of step occurring as jog-line in edge dislocations. 
It can be considered as a row of vacancies distributed in such a way that one vacancy occupies a 
length of three times the Burgers vector b of the complete dislocation. The line energy of this con- 
figuration can be calculated by standard methods of the electron theory of metals. The result of 
detailed considerations is that in a monovalent metal of Fermi energy ¢ a lower limit for the line 
energy JT of steps is given by 0-1¢/b. In agreement with earlier results of ‘THOMPSON and SEEGER 
this leads to the conclusion that Tis too large to have any significant effect on the jog energies of 
f.c.c. metals. In an appendix we show that within the Born approximation there exists a unique 
relation between electron energy and screening charge. This means that the Born approximation 
gives zero binging energy for clusters of point defects. 


1. PROBLEMSTELLUNG Kristall, die an der Stelle auftreten, an der ein 
UnTER Staffeln in einem Stapelfehler (auch Stapel- Stapelfehler von einer Netzebene auf eine benach- 
fehlerstaffeln oder kurz Staffeln genannt) ver-  barte parallele Netzebene iiberwechselt. Im 
stehen wir linienférmige Fehlstellen in einem  Spezialfall des kubisch-flachenzentrierten Gitters 
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sind solche Stapelfehlerstaffeln bis jetzt am aus- 
fiihrlichsten von THOMPSON") besprochen wor- 
den; sie wurden von ihm als Sprunglinien (“jog- 
lines’) bezeichnet. Die Herkunft dieser Bezeich- 
nungsweise werden wir sogleich kennenlernen. 
Im kubisch-flachenzentrierten Gitter kann man 
sich nach THOMPSON Stapelfehlerstaffeln auf fol- 
gende spezielle Weise erzeugt denken : Ein in einer 
(111)-Ebene (mit « bezeichnet) liegender Stapel- 
fehler wechsle lings einer [110]-Richtung auf eine 
(111)-Ebene iiber. Der Stapelfehler bildet also eine 
lach{6rmige Anordnung. Dessen First ist eine sog. 
Kantenversetzung (“stair rod dislocation’”’). Im 
kubisch-flachenzentrierten Gitter ist eine derartige 


und H. 
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Wie man sofort sieht, handelt es sich bei dem 
vorstehend beschriebenen Kantenversetzungsdipol 
um einen Spezialfall der oben eingefiihrten Stapel- 
fehlerstaffeln, namlich um denjenigen, dass die 
Staffel in einer <110)-Richtung verlauft. Die 
allgemeinere Definition ist, wie auch schon von 
THOMPSON besprochen, von Interesse im Zusam- 
menhang mit Spriingen (jogs) in aufgespaltenen 
Versetzungen. Wir wahlen wiederum das kubisch- 
flachenzentrierte Gitter als Beispiel und betrachten 
eine in beliebiger Richtung in der (111)-Ebene ver- 
laufende geradlinige Versetzungslinie mit Burgers- 
Vektor 4[110], die in Halbversetzungen mit den 
Burgers-Vektoren }[211] und }[121] aufgespalten 


Stapelfehler ouf 


Fic. 1. Zur Entstehung eines Versetzungsdipols durch Zusammenriicken 


zweier Kantenversetzungen im kubisch-flachenzentrierten Gitter. 


Kantenversetzung eine unvollstandige Stufenver- 
setzung, und zwar im vorliegenden Falle mit dem 
Burgers-Vektor }[110] und der Linienrichtung 
[110]. Wechselt nun, wie in Fig. 1 dargestellt, der 
Stapelfehler von der (i111)-Ebene auf eine zur 
(111 ),.-parallele (111 ) g-Ebene tritt 
lings der Umbiegelinie eine zweite Kantenverset- 


zuriick, so 


zung mit entgegengesetztem Burgers-Vektor auf. 


Lisst man die Ebenen « und £ zusammenriicken 
und zu unmittelbar benachbarten (111)-Ebenen 
werden, so bilden die beiden Kantenversetzungen 
einen Versetzungsdipol. Diese linienhafte Fehlstelle 
ist keine Versetzungslinie, da sie den resultierenden 
Burgers-Vektor Null hat. Ihr Spannungsfeld 
nimmt mit wachsendem Abstand p wie p~ ab, 
entspricht also demjenigen einer linienhaften 
Anordnung von Doppelkriaften, also z.B. einer 


Linie von Dilatationszentren. 


sei. Diese aufgespaltene Versetzung werde von 
einer andern Versetzung geschnitten, deren 
Burgers-Vektor eine nichtverschwindende Kom- 
ponente parallel zur [111 ]-Richtung besitzen mége. 
Der einfachste Fall ist, dass diese Komponente 
gleich dem Abstand c benachbarter (111)-Ebenen 
ist. Im allgemeinen bildet sich bei einem solchen 
Schneidprozess eine Einschniirung (“constric- 
tion’’) in der aufgespaltenen Versetzung ; an der 
Einschniirungsstelle befindet sich nach dem 
Durchschneiden ein Sprung der vollstaindigen Ver- 
setzung. Denkt man sich jetzt die Einschniirung 
riickgingig gemacht und die vollstandige Auf- 
spaltung wiederhergestellt, so bekommt man je 
einen Sprung in den beiden Teilversetzungen. Die 
beiden Spriinge sind durch eine Sprunglinie, die 
identisch ist mit der eingangs definierten Staffel, 
miteinander verbunden (Fig. 2). Eine interessante 





UNTERSUCHUNGEN 


Grésse ist die Linienenergie oder Linienspannung 
T einer solchen Sprunglinie. Ware T namlich 
klein gegeniiber den Linienenergien von Verset- 
zungslinien, so wiirden sich in der Tat derartige 
Sprunglinien bilden. Die Energie eines Sprungs in 
einer aufgespaltenen Versetzungslinie kénnte dann 
erheblich niedriger sein als man unter der An- 
nahme vollstandiger Einschniirungen berechnet. 


Teilversetzung 


b “OA: - 
/ 


Sprunglinie 
oder Staffel 








sesamier Burgersvektor 


(iio 








Stapelfehler 


in (I) 


Vollstandige Versetzung mit 
Stapelfehlerband 


Fic. 2. Sprunglinie in einer aufgespaltenen Versetzungs- 

linie. Strichpunktiert : Versetzungslinie mit Sprung und 

vollstandiger Einschniirung. Ausgezogen: Aufgespal- 

tene Versetzungslinie ohne Einschniirung, aber mit 
Sprunglinie. 


THOMPSON hat Zahlenwerte fiir 7 auf verschie- 
dene Weisen abgeschatzt und die Auffassung ver- 
treten, dass 7 gross genug sei, um mit Recht bei 
der Berechnung von Sprung-Energien ausser Acht 
gelassen zu werden. Einer der Verfasser hat sich 
dieser Ansicht angeschlossen.) FRIEDEL®) jedoch 


vertritt die Meinung, dass die Linienenergie 7’ 


klein sei und Spriinge in aufgespaltenen Verset- 
zungen fast keine Einschniirung des Stapelfehler- 


bandes bewirkten. Er gibt an, dass nach seiner 


Ansicht der Beitrag der Einschniirung zur Sprung- 
energie nur 1/5 des unter der Annahme voll- 
stindiger Einschniirung berechneten Wertes ergibt. 

Da es sich hier um eine Frage handelt, deren 
Beantwortung wichtige Konsequenzen hat fiir die 
Theorie der Versetzungen in einer Reihe von 
Kristallen, z.B. den Edelmetallen und ihren 
primaren Legierungen, wollen wir in der vorlie- 
genden Arbeit die Resultate einer elektronen- 
theoretischen Berechnung von 7 mitteilen. Die 
Ergebnisse sprechen — zumindest in dem praktisch 
wichtigsten Fall von Sprunglinien in Stufenver- 


setzungen —eindeutig fiir die Auffassung von 
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THOMPSON und SEEGER und gegen diejenige von 
FRIEDEL. 


2. DIE GEOMETRIE DER STAFFELN IM KUBISCH- 
FLACHENZENTRIERTEN GITTER 

Denkt man sich die Richtung der in Fig. 2 
gezeichneten vollstindigen Versetzungslinie in der 
(111)-Ebene bei festgehaltenem Burgers-Vektor 
gedreht, so nimmt auch die in ihr enthaltene 
Staffel verschiedene Richtungen und damit auch 
verschiedene geometrische Konfigurationen an. 
THOMPSON hat die Spezialfalle diskutiert, in denen 
die vollstaéndige Versetzung in einer <2I1)- 
Richtung verlauft, also entweder einen Winkel von 


NI 0] 





Fic. 3. (a) (oben) Konfiguration einer Sprunglinie in 
einer Stufenversetzung. Die Sprunglinie verlauft senk- 
recht zur Zeichenebene : Die ausgezogenen und die 
gestrichelten Kreise geben die Atomlagen in zwei auf- 
einanderfolgenden (110)-Ebenen (mit a und 6 bezeich- 
net) an. (b) (unten) Die Kreise bezeichnen die Atom- 
lagen in der in Fig. 3(a) mit einem waagerechten Pfeil 
gekennzeichneten (111)-Ebene. Die Atomlagen in den 
beiden unmittelbar dariiber und darunter liegenden 
Ebenen sind durch Dreiecke gekennzeichnet. 
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90° oder 270° mit dem Burgers-Vektor bildet 
(Stufenversetzungen) oder aber Winkel von 30°, 
120°, 240° oder 330° mit dem 
geometrischen Verhaltnisse bei Schraubenverset- 
zungen, also bei Winkeln von 0° und 180° zwischen 
Versetzungslinie und Burgers-Vektor, diskutieren. 

Fig. 3(a) zeigt nach THOMPSON die Atomkon- 
figuration fiir eine Sprunglinie in einer Stufen- 
versetzung mit Burgers-Vektor 3[110]. Gezeichnet 
10)-Ebenen. Die 


4 
sind zwei aufeinanderfolgende (1 


Sprunglinie verlauft senkrecht zur Zeichenebene ; 
die strich-punktierte Linie gibt den Verlauf der 
Projektion der Versetzung bzw. des von ihr einge- 
schlossenen Stapelfehlerbandes an. Man sieht, dass 
die einzige Netzebene, in der nicht die normale 
Atomanordnung mit Pfeil 
bezeichnete (111)-Ebene ist. In Fig. 3(b) haben wir 
Man 
sieht, dass die Sprunglinie aquivalent ist zu einer 
Reihe von Gitterliicken. Die (lineare) Dichte dieser 
Gitterliicken kann aus Fig. 3(b) abgelesen werden. 


vorliegt, die einem 


deshalb diese Netzebene herausgezeichnet. 


Wir werden jedoch unten eine bequeme formale 
Berechnungsweise beschreiben, die den Vorteil hat, 
auch auf beliebig orientierte Staffeln anwendbar zu 
sein. 

Hatten wir in Fig. 3(a) das entgegengesetzte Vor- 
zeichen entweder des Sprungs oder der Stufen- 
versetzung zugrunde gelegt, so hatten wir statt der 
Gitterliickenreihe eine Reihe von Zwischengitter- 
atomen erhalten. 

Fiir die Darstellung des andern Extremfalls, 
demjenigen einer Sprunglinie in einer Schrauben- 
versetzung mit Burgers-Vektor 17110), haben wir 
in Fig.4(a) wiederum zwei unmittelbar benachbarte 
(110)-Ebenen gezeichnet. Die beiden Teilverset- 
zungen (nicht gezeichnet) verlaufen jedoch jetzt 
senkrecht zur Zeichenebene, wahrend die Sprung- 
linie in der Zeichenebene liegt, und zwar gerade 
zwischen den beiden gezeichneten (110)-Ebenen. 
Wie in Fig. 4(a) angedeutet, liegt also der Stapel- 
fehler in den beiden Ebenen an verschiedenen 
Stellen. Wiederum ist die Atomkonfiguration nur 
in der mit einem Pfeil bezeichneten (111)-Ebene 
gestort. Diese Ebene ist in Fig. 4(b) herausgezeich- 
net. Man sieht, dass im Gegensatz zu Fig. 3 jetzt 
keine Dichteanderungen, wohl aber starke Sche- 
rungen auftreten. Selbstverstandlich ist die Anord- 
nung Fig. 4(b) nicht stabil. Die gezeichneten Atome 
werden sich vielmehr in Richtung der Pfeile etwas 


und 


Burgers- Vektor 


einschliesst. Dariiber hinaus wollen wir noch die 


H. BROSS 


verschieben. Diese Verschiebungen sind aquivalent 
denjenigen, die zwei in der (111)-Ebene im Ab- 
stand 5/2 nebeneinanderliegende Schraubenverset- 
zungen mit Burgers-Vektoren 4s (112 
fen wiirden. Die Stapelfehlerstaffel ist also in die- 


hervorru- 


sem Falle aquivalent zu einem aus zwei unvoll- 
standigen Schraubenversetzungen gebildeten Ver- 


setzungsdipol. Man kann auf Grund dieser 
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Fic. 4. (a) (oben) Konfiguration einer Sprunglinie in 
einer Schraubenversetzung. Die Sprunglinie verlauft 
parallel zur Zeichenebene, und zwar in der mit einem 
waagerechten Pfeil bezeichneten (111)-Ebene zwischen 
den beiden durch ausgezogene Kreise bzw. gestrichelte 
Kreise (110)-Ebenen. (b) (unten) Die 


Kreise bezeichnen die Atomlagen in der in Fig. 4(a) mit 


dargestellten 


einem Pfeil gekennzeichneten (111)-Ebene. Die Atom- 
lagen in den beiden unmittelbar dariiber und darunter 
liegenden Ebenen sind durch Dreiecke gekennzeichnet. 


Erkenntnis leicht das Spannungsfeld in der wei- 
teren Umgebung der Staffel berechnen. Fur die 
Berechnung der Linienenergie ist die Auffassung 
als Versetzungsdipol jedoch von geringem Nutzen, 
innerer 


da in die Energieberechnung ein 
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Abschneideradius quadratisch eingeht und eine 
grosse Unsicherheit mit sich bringt. 

Bei der Energieberechnung werden wir uns vor 
allem auf die Auffassung der Sprunglinien in 
Stufenversetzungen als Leerstellen-bzw. Zwischen- 
Eine Berechnung 
soll jetzt 


stutzen. 
Volumanderungen 


gitteratome-Reihen 


der auftretenden 


gegeben werden. Es seien by und be die Burgers- 
Vektoren der beiden Teilversetzungen der voll- 
stindigen Versetzung. Uberstreicht eine Verset- 


zung mit Burgers-Vektor b ein (vektorielles) 
Flichenelement Af, so tritt dabei bekanntlich eine 
Volumanderung 


AV = Af -b (2.1) 


auf. Wendet man dies auf Spriinge in den beiden 
Teilversetzungen an, so bekommt man Volumian- 


derungen 


Ar; = l-c-b 


und 
AVo =I1-c- b3. 


Hier bedeutet / die Lange der von den Spriingen 
senkrecht zu den Versetzungslinien zuriickgelegten 
Wegstrecken, c (wie oben) den Abstand benach- 
barter (111)-Ebenen und 4; die algebraisch gerech- 
neten Schraubenanteile der betreffenden ‘Teilver- 
setzung. Die resultierende Volumanderung infolge 
der nicht-konservativen Bewegung der beiden 
Spriinge in den Teilversetzungen ist 


AV = AV, +AV2 = 1- c+ (b§ +55). 


(2.3) 


Es treten Falle auf, in denen die beiden Schrau- 
benanteile b; und 5 entgegengesetztes Vorzeichen 
haben. Dies bedeutet, dass beispielsweise ein Teil 
der wihrend der Bewegung des ersten Sprungs er- 
zeugten Leerstellen wieder wahrend der Bewegung 
des zweiten Sprungs vernichtet wird, also in der 
Gesamtbilanz Gl. (2.3) nicht auftritt. Diese bei der 
Bewegung des vorderen Sprungs erzeugten und 
dann wieder vom hinteren Sprung absorbierten 
Leerstellen (oder Zwischengitteratome), die ge- 
wissermassen nur lings der Sprunglinie existieren, 
sind es gerade, die fiir die oben besprochenen 
Dichteainderungen in einer Stapelfehlerstaffel ver- 
antwortlich sind. Die zugehérige Volumanderung 
AV sz ergibt sich aus 


AV st = ec: (b8— 83). (2.4) 
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Die Zahl der pro Langeneinheit in der Staffel 


enthaltenen Leerstellen bzw. Zwischengitter- 


atomen ist gegeben durch 


wo {2 das Atomvolumen ist. In dem Spezialfall 


einer vollstandigen Stufenversetzung in 
Gitter mit Kanten- 


6-1/2q@/2, 


einem 
kubisch-flachenzentrierten 
lange a des Elementarwiirfels ist 5} 
b5 = —6-1/2a/2; ferner ist c = a/y/(3) und Q 
a®/4, Es ergibt sich also (6 = a/1/(2)) 
sb = i, 


Fiir Sprunglinien in Schraubenversetzungen liefert 
Gl. (2.5) z = 0 ; in diesem Fall ist die Volumande- 
rung am geringsten, aber die Scherung maximal. 


3. ELEKTRONENTHEORETISCHES MODELL FUR 
EINE SPRUNGLINIE IN EINER STUFENVERSET- 
ZUNG 

Die vorangehende Diskussion hat gezeigt, dass 
langs einer Sprunglinie die Atomanordnung 
gegeniiber dem idealen Gitter auf zwei verschiedene 
Weisen verandert ist, naimlich erstens durch 
Hinzufiigen oder Wegnehmen von Atomen gemiss 
Gl. (2.5), und zweitens durch Scherungen lings der 
Sprunglinie. Das “‘Mischungsverhiltnis’ dieser 
beiden Anteile hingt von der Orientierung der 
Staffel bzw. von dem Charakter der betreffenden 
vollstindigen Versetzung ab. Der einfachste Fall ist 
derjenige einer linearen Leerstellendichte (35)~! 
(Gl. 2.6). In diesem Falle treten in der bis jetzt 
betrachteten Naherung keine Verzerrungen auf ; er 
entspricht somit bei punktformigen Fehlstellen 
einer einzelnen Leerstelle in einem starren Gitter. 
Man weiss, dass bei den Edelmetallen wegen der 
Born—Mayer-Abstossung der Ionenriimpfe die 
Nachbaratome sich etwas auf den leeren Gitter- 
platz zu bewegen. Wie eine erneute Behandlung 
des Problems gezeigt hat,“ ist diese Relaxation 
und der damit verbundene Energiegewinn bei 
einer Leerstelle gering. Im vorliegenden Falle 
sind die betreffenden Effekte wegen der etwas 
anderen Geometrie prozentual gerechnet noch 
kleiner (< 10 Prozent der Linienenergie) und 
deshalb fiir unsere Zwecke zu vernachlassigen. 
Wir diirfen somit erwarten, dass sich die Linien- 
energie der eben besprochenen, speziell orientier- 
ten Staffel mit dem sogleich zu beschreibenden 
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Modell behandeln lasst, das dem von Fumi) zur 
Leerstellenenergie einwertiger 
Auf den 


Linienenergie anders 


Berechnung der 
Metalle beniitzten 
Zusammenhang mit 
orientierter Staffeln werden wir in Ziff. 8 eingehen. 
Wegen des Fehlens der positiv geladenen Ionen- 
rumpfe spuren die Leitungselektronen des 
Metalls am Orte der Staffel ein (in guter Naherung 
Potential 


eng verwandt ist. 


der 


rotationssymmetrisches) abstossendes 
U(p). Wir nehmen die Leitungselektronen als 
quasifrei mit der effektiven Masse m* und der 
Fermi-Energie € = h?k;,/2m* an und behandeln 
ihre Streuung am Potential U(p). Die Schrédinger- 
Gleichung in Polarkoordinaten (p, ¢, z) 


Cb 1a 1 


Cp" p cp 
+ | R2- 


wird durch den Ansatz 


yw = exp(ind) - exp(thzz) - Pn(p) 


separiert. Man erhalt 


d*P» ] dP» 


+ 


dp p dp 


G}. (3.3) besitzt, wenn U(p) fiir grosse p rascher als 
1/p gegen Null geht, die asymptotische Lésung 


l 7 
cos | k,p—(2n+1) 
4 


) 
Ps laa 


T inl). 


V (p) 

(3.4) 

Um die Dichte der Eigenwerte des Elektronengases 
nn(k,) ausdriicken 
wir in 2-Richtung eine 


in den Phasenkonstanten 
zu konnen, fihren 


Periodizitatslange 2/ ein, verlangen also 


Wp, d, z) = Wi p, d, z+2/) (3.5) 


oder 


In der Schicht des k-Raums zwischen k, und 
k,+ dk, (l/x)dk, Eigenwerte (ohne 
Beriicksichtigung des Spins) enthalten. 


sind also 


SEEGER und H. 


BROSS 


Ferner denken wir uns das Metall durch einen 
Zylinder mit dem sehr grossen Radius pg begrenzt. 
Die Bedingung 


fiihrt auf 
7 
k pa- (2n+ 1)- + nn) 
4 
7 


= 2v - 
(+) 5 


v= 0, +142... 
(3.6a) 


Bei fester azimutaler Quantenzahl n entfallen also 
auf das Intervall zwischen k,, und k, + dk, 


| Onn 
pat ——| dk 
T ok, 
Zustande. 


Denkt man sich nun in ein (quasi-) freies Elek- 
tronengas das Stérpotential U(p) eingebracht, so 
wird die k,-Komponente eines jeden Zustandes um 


Ak, = R gest. — Rpungest. on —nn(k,)/pa (3.8) 


) 
} 


gedndert. Die Zahl der im Bereich zwischen k,, und 
k,+dk, durch diese Stérung iiber die Fermi- 
Oberflache verschobenen Energiezustande ist 


nn(R,) Onn(k,) 
on : pat - ’ 
ck, 


7 * pa 


wobei die k, an der Fermi-Oberflache k = kp zu 
nehmen sind. Im Grenzfall pa + © ergibt sich die 
Gesamtzahl der pro Langeneinheit iiber die Fermi- 
Oberflache hinweggeschobenen Zustande durch 
Summation iiber » und die beiden Spin-Rich- 
tungen sowie durch Integration iiber alle zulissigen 


k,-Werte zu 


>  an(k,) ake (3.10) 


mit 


ki,—k. (3.10a) 


Fiihrt man Polarkoordinaten im k-Raum ein 
(k, = kp sin@), so erhalt man 
7 
x 


nn(ke « sin @) sin 6 + dé. 
(3.11) 
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Nach FriepDEL“®) muss die Zahl der iiber die Fermi- 
Oberflache geschobenen Zustinde gleich der Zahl 
der durch das Elektronengas abzuschirmenden 
Ladungen (in Elementarladungen gemessen) sein. 
Dies bedeutet, dass bei einem einwertigen Metall 
die durch die Gl. (2.6) und (3.11) gegebenen 
z-Werte gleich sein miissen. Durch diese Ladungs- 
bedingung wird also dem Potential U(p) eine 
Bedingung auferlegt. Wie wir unten sehen werden, 
ist sie ausreichend, um den Potentialverlauf fiir 
unsere Zwecke, namlich die Berechnung der 
Energie pro Langeneinheit der Staffel, festzulegen. 














Po 


5. Potentialverlauf U(p) fiir die Berechnung der 


Linienenergie. 


Ein fiir praktische Rechnungen brauchbarer 
Verlauf von U(p) ist in Fig. 5 wiedergegeben. Die 
Ladungsbedingung bedeutet, dass zwischen den 
beiden Parametern Up und po eine Beziehung 
besteht und somit nur einer von beiden frei ist. 


4. BERECHNUNG DER LINIENENERGIE T 

Wir berechnen zunichst die Anderung AEF der 
Energie des Elektronengases bei der Einfiihrung 
des Stérpotentials U(p). Da sich dabei nur die & ,- 
Komponente des Wellenzahlvektors andert, gilt 
fiir die Anderung Ae der Einelektronenenergie « 


ror [(k, +Ak,)?—ko] & 


h2 


—k,+ Ak, = —h?+ yn(k,) + k,/(m* : pa). 


(4.1) 


Fiir die Energieinderung des ganzen Elektronen- 
g g 
gases ergibt sich, wenn man die Zustandsdichten 


IN METALLEN 


aus Gl. (3.7) und (3.5a) entnimmt, 


ak; ‘dk, (4,2 


woraus als Energieinderung pro Lingeneinheit 


AE 


21 


nn(Rp + sin 8) sin @ + cos?6 dé 


(4.3) 
folgt. 

Um die Linienenergie T zu erhalten, muss man 
von Gl. (4.3) den Energiegewinn des Elektronen- 
gases infolge der Vergrésserung des Kristall- 
volumens abziehen. Nach Fumi betragt dieser 
22¢. Man erhilt also in der vorliegenden Naherung 
(Vernachlassigung der Relaxation des Gitters) 


AE 
T= — -—xl. (4.4) 


- = 
Wir werden Gl. (4.4) in Ziff. 7 naher diskutieren. 


5. VERWENDUNG DER BORNSCHEN NAHERUNG 


In der Bornschen Naherung gilt 


mn(R,) alas 


; | Tih, p)* U(p)* p: dp, (5.1) 


0 


woraus wegen des Additionstheorems der Bessel- 


funktionen J» 


S Talk p) = Jo(0) = 1 


n 


die Beziehung 


nn(k,p) = 


x 
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folet. Setzt man Gl. (5.3) in Gl. (3.11) ein, so 


bekommt man 


wir.  F. 7 
- U(p)p dp sing: 10 (5.4) 


a 2 
0 


oder auch 
U(p)p dp (5.5) 
) 

Setzt man GI. (5.3) und GI. (5.5) in Gl. (4.3) ein, so 


erhalt man 


9 


AE » " 
2-1 . 


cos’@ + sin@: dé = 


Fiir gegebenes z ist also in dieser Naherung die 
Linienenergie unabhangig von der speziellen Wahl 


von U(p). Es ergibt sich 


6. EXAKTE BERECHNUNG DER PHASENKON- 
STANTEN 


Fiir die exakte Bestimmung der Phasenkon- 


stanten 7», deren Kenntnis nach Gl. (4.3) und 
(4.4) die Berechnung 
gestattet, legen wir den in Fig. 5 gezeichneten 


Potentialverlauf zugrunde. Mit den Abkiirzungen 


der Linienspannung 7 


ko = 2m*Uo/h2 


K2 = k2 = ie 


(6.1) 
(6.2) 
(6.3) 


19 


€ 9 
K2 = «2— ko 


ergibt sich nach langerer Zwischenrechnung 


tg yn = 


Hier bedeuten J, und Ny, die Besselsche und 
Neumannsche Zylinderfunktion n-ter Ordnung. 
Die numerische Auswertung von Gl. (6.4) wird 
sehr vereinfacht, wenn man Up = © setzt, also 
einen unendlich hohen Potentialwall annimmt, und 
dessen Radius po so wahlt, dass auf Grund der 


Friedelschen Bedingung sich die vorgeschriebene 


und H. 


K’ In i(«’po) * In(«po)— K * In(«'po) ‘In t i(Kpo) 
K “In i('po) F Nn(Kpo)— eS Nn(«'po) ‘In + 1(Kpo) 


BROSS 


Zahl z von Leerstellen (bzw. Elementarladungen) 
pro Langeneinheit ergibt. In diesem Grenzfall re- 
duziert sich Gl. (6.4) auf 

Tnlk, po) 


Nn = arc tg : 


(6.5) 
Nn(R po) 


7. NUMERISCHE BERECHNUNG 
Fiir die numerische Rechnung ist es zweck- 
miassig, die in Gl. (3.11) und (4.3) auftretenden 
Summen iiber die Phasenkonstanten durch Inter- 
polationsformeln 
ied M 


nn(k,) ” Am(k,po)™ 


Am ° (Repo) > sin”@ 
m 0 so 
(7.1) 
darzustellen. Nach kurzer Zwischenrechnung er- 
halt man (I(x) Eulersche Gamma-Funktion) 


M 


-C-kp- my Am xX 
F Lad 


2 


2\2 
= -{ . kr 


(6.4) | 


Es wurde M = 3 gewahlt und eine méglichst gute 
Anpassung im Intervall 0 < kepo < 3 angestrebt. 
Die verwendeten Koeffizienten sind in Tabelle 1 
angegeben. In Fig. 6 sind die so berechneten 
Werte von T als Funktion von zd eingezeichnet, 
wobei auch die zugehérigen Werte von kppo 
angegeben sind (ausgezogene Kurven). Da unter 





UNTERSUCHUNGEN UBER FE 


der Annahme Up = © der Radius po fiir zo) = 
0,3112 zu Null wird, erstrecken sich die Kurven 
nur auf den Bereich zg = zo. Ferner ist in Fig. 6 
(gestrichelte Kurve) die Linienenergie nach der 


Fic. 6. Linienspannung J und Radius po des Potentials 
Funktion der Ladung z pro Liangeneinheit einer 
Grenzfall eines sehr hohen abstos- 


als 
Staffel. Ausgezogen : 
senden Potentials. Gestrichelt : Grenzfall eines sehr nied- 
rigen Potentials (Bornsche Naherung). Bei einwertigen 
kubisch-flachenzentrierten Metallen ist 

krb 2-2 2 (127?)1/8 3,472. 
Tabelle 1. Die Koeffizienten Am der Entwicklung 


Gl. 7.1 


m 0 1 3 


0.14077 | 0.53142 | 0,23506 | 0,02378 


—A m | 7 


Tabelle 2. Numerische Werte fiir To fiir die Edelmetalle. (G 


fleV] 


Metall 


0,432 
0,487 
0,410 


4,86 
5,48 
461 


Cu 


TobleV] 
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Bornschen Naherung Gl. (5.9) eingetragen. Sie 
gibt eine obere Grenze fiir 7, wahrend der Fall 
Up = © eine untere Grenze liefert. Fiir z z0 
fallen diese beiden Grenzen nahezu zusammen. In 
dem Bereich z & 
besonders interessiert, darf man demnach anneh- 


zo, der uns im vorliegenden Fall 


men, dass die Bornsche Naherung mit der strengen 
Lésung praktisch tibereinstimmt, so dass wir auf 
eine genaue Kenntnis des Potentialverlaufs U(p) 
verzichten kénnen. 

Das Ergebnis der vorstehenden Diskussion ist 
also, dass der elektrische Anteil der Linienenergie 
einer Staffel durch Gl. (5.7) gegeben ist und dass 
insbesondere wegen Gl. (2.6) fiir eine ‘‘Leer- 
stellenstaffel”’ in einer Stufenversetzung 


4 ¢ 


To = — 
45 b 


(7.4) 


gilt. In Tabelle 2 ist fiir die Edelmetalle 7» auf 
Grund plausibler Annahmen uber das Verhiltnis 
m*/m von ettektiver zu freier Elektronenmasse aus- 


gerechnet. 


DISKUSSION 


Das in den vorstehenden Rechnungen ver- 


wendete elektronentheoretische Modell fiir eine 
Sprunglinie ist am besten auf die Konfiguration der 
Fig. 3 Falle 
Winkel 5 zwischen Versetzungslinie und Burgers- 
Vektor 7/2 betragen (Stufenversetzung). In allen 
anderen Fallen tritt zu dem elektronischen Anteil 
von J noch ein Scheranteil hinzu, wie dies im 
Zusammenhang mit Fig. 4 oben besprochen wurde. 
Fig. 7 stellt die Verhaltnisse halbschematisch dar. 


anwendbar. In diesem moége der 


Sieht man von der Verzerrungsenergie ab, so tritt 
nur ein elektronischer Anteil 


?< 
Ta = sino (8.1) 


auf, der fiir 5 = —7/2, also eine Reihe von 


= Schubmodul) 


G[kp/mm?] To/Gb? 


To [dyn] 


0,924 x 1073 
1,14 107 
1,00 x 107 


4 600 
2 900 
2 800 
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£202 


Zwischengitteratomen, gleich — 7, also negativ, 
ware. Nun weiss man aber, dass bei den Edel- 
metallen die Bildungsenergie von einzelnen Zwi- 
schengitteratomen wegen der grossen Verzerrungs- 
energie rund dreimal so gross ist wie diejenige 
Resultat 


Staffeln gelten, so dass die 


einzelner Leerstellen.“@) Ein dahnliches 
diirfte auch fiir die 
Kurve fiir die gesamte Linienenergie Teg an der 


Stelle 6 7/2 etwa den Wert 37 9 annimmt. 


Fic. 7. Verlauf des elektrischen Anteils (7¢:—GIl. 8.1) 
und der gesamten Linienspannung T¢es (schematisch) 
als Funktion der Orientierung einer Staffel. 


Zeichnet man den Verlauf von Tes unter Beriick- 
sichtigung der Symmetrieverhaltnisse und beachtet 
dabei, dass 7'ges nirgendwo unter 7g; sinken kann, 
so erhalt man etwa den in Fig. 7 angegebenen Ver- 
lauf. Das fiir die weitere Diskussion wichtige 
Ergebnis ist, dass—von geringfiigigen Korrekturen 
abgesehen T» das Minimum der in Versetzungen 
verschiedenen Charakters (6 = 0 entspricht einer 
Schraubenversetzung) auftretenden Werte der 
Linienenergie 7 der Sprunglinien darstellt. 

Wir wollen nunmehr das vorstehende Resultat 
auf die Berechnung der Einschniirungsenergie 
Fig. 8 
zeigt die dabei zugrunde gelegte Versetzungs- 
Stelle Einschniirung 


in aufgespaltenen Versetzungslinien. 


anordnung. An der der 


BROSS 


befindet sich eine Sprunglinie der Linge 2y und 
der Linienenergie 7. Geniigend weit von der Ein- 
schnirung entfernt besitzt die Versetzung die volle 
Aufspaltung 29, die durch die S:apelfehlerenergie 
y bestimmt wird. Der Verlauf der Teilversetzungen 


Versetzungslinie 


Fic. 8. Modell fiir eine unvollstandige Einschniirung in 


einer aufgespaltenen Versetzung. 


in der Umgebung der Versetzungslinie wird durch 
die zwei Parameter € und @ beschrieben. Sie wer- 
den bei gegebener Stapelfehlerenergie y und geze- 
durch die Forderung 


bener Linienspannung 





Fic. 9. Verhialtnis der Einschniirungsenergie U;, beim 
Auftreten einer Sprunglinie zur Einschnitirungsenergie 
U-o ohne Sprunglinie (ausgezogene Kurven) und Ver- 
haltnis der in Fig. 8 definierten Parameter y und 70 
Kurven) als Funktion der reduzierten 
Linienspannung (7)Gb?) fiir Stufenversetzung. 
Die Zahlen 1 bis 4+ beziehen verschiedene 
Stapelfehlerenergien. 


(gestrichelte 
eine 
sich auf 4 


bestimmt, dass die Energie der gesamten Anord- 


nung ein Minimum sein soll, wobei die Wechsel- 


wirkung zwischen den Versetzungslinien elastizi- 
tatstheoretisch nach KRONER ) berechnet wird. 
Das Ergebnis®) ist in Fig. 9 fiir eine Stufenver- 
setzung und in Fig. 10 fiir eine Schraubenverset- 
zung dargestellt. Dabei wurde, wie bei SEEGER, 





UNTERSUCHUNGEN UBER 
BERNER und Wo LF’), die Querkontraktionszahl des 
Kupfers zugrunde gelegt. In den Figuren ist als 
Funktion von 7/Gb2, also der normierten Linien- 
spannung, das Verhiltnis yy, also ein Mass fiir die 
Linge der Sprunglinie, und U;/Ueo, das Ver- 
haltnis der Einschniirungsenergie bezogen auf 


2[3{ 4 


84 3,6917,37 11,06 


7 


4 

yD oY Ns 

4” ail 
/ 

4\ 7 





Fic. 10. Wie Fig. 9, jedoch fiir eine Schraubenverset- 
zung. 

diejenige bei y = 0, aufgetragen. Als dimensions- 

loser Parameter zur Kennzeichnung der Stapel- 

fehlerenergie dient y/Gb. Fiir die numerische Dis- 

kussion (Tabelle 3) haben wir T = To gesetzt. 


FE 
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FRIEDEL), Der Grund fiir diese Diskrepanz mag 
zum Teil darin liegen, dass in der vorliegenden 
Arbeit eine genauere Behandlung der Wechsel- 
wirkung zwischen den verschiedenen Verset- 
zungslinien vorgenommen wurde und dass insbe- 
sondere von dem Begriff der Linienenergie von 
Versetzungen, der ja von zweifelhaftem Werte ist, 
kein Gebrauch gemacht wurde. Wesentlich zu der 
Diskrepanz beigetragen zu haben scheint der von 
FRIEDEL verwendete Wert der Linienspannung der 
Staffel, 7 ~ Gb2/30, der aus experimentellen Wer- 
ten freier Energien der Korngrenzen bei hohen 
Temperaturen gewonnen worden ist. Hiatte man 
stattdessen Werte 
Grosswinkelkorngrenzen herangezogen, so hatte 


fiir die innere Energie von 
man etwa dieselben 7-Werte wie in der vorliegen- 
Arbeit Man kann dies 
Tatsache erkennen, dass die Ubertragung des in 
Ziff. 3 beschriebenen elektronentheoretischen 
Modells die Berechnung der inneren Energie von 


Grosswinkelkorngrenzen gute Ubereinstimmung 


den bekommen. an der 


mit dem Experiment liefert.“® Es scheint uns 
durchaus gerechtfertigt, bei der Berechnung von T 
innere Energien zu beniitzen, da man ja auch bei 
der Behandlung der Versetzungswechselwirkung 
von Entropiegliedern absieht. Da es sich bei den 
Staffeln um geometrisch sehr gut definierte Gitter- 
fehler handelt, diirfte der Entropieeinfluss auf die 
Linienenergie eher geringer als bei den Verset- 
zungen sein. Wir sind somit der Auffassung, dass 


Tabelle 3. Einfluss der Sprunglinien auf die Einschniirungsenergien von Stufen- und Schraubenversetzungen 


14,4 10-3 


Nach dem oben Gesagten wird dadurch der Ein- 
fluss der endlichen Linienenergie der Staffeln in 
den meisten Fallen nach oben abgeschatzt. Im 


Durchschnitt ist also die Verminderung der 


Sprungenergie durch diesen Einfluss noch geringer 
als in Tabelle 3 angegeben und somit fiir wohl fast 
alle praktische Zwecke zu vernachlassigen. 

Dieses Ergebnis steht in krassem Widerspruch 


zu den in Ziff. 1 erwahnten Angaben von 


Stufenversetzung Schraubenversetzung 


die in Tabelle 3 gemachten Angaben die wirklichen 
Verhaltnisse, auch bei héheren ‘Temperaturen, 
richtig wiedergeben. 


Anerkennung Die Verfasser moéchten Herrn Dr. H 
WoLrF, der die zu Figs. 9 und 10 fiihrenden Rechnungen 
durchgefiihrt hat, herzlich danken. Sie sind Herrn Prof. 
J. FrRreDEL und Herrn A. BLANDIN, Paris, 


und fiir 


fiir wertvolle 


Diskussionen insbesondere die mitgeteilten 
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vorliege nde Arbeit 
Deutschen 


Beweise zu Dank verpflichtet. Die 


wurde in dankenswerter Weise von der 


Forschungsgemeinschaft unterstitzt 


ANHAIT 


Der eindeutige Zusammenhang zwischen Elektronenenergu 


, ‘ . 
und Ladung nach der Bornschen Ndherung 
bekannt, da fir ein kugelsymmetrisches 


) die Bornsche Naherung die Beziehung 


(A.1) 


\E der Energie ¢ 


durch U(r) und der 


zwischen der Anderung ines quasifreien 
lektronenga es (Fermi-! nergie ¢ 
Ladung Z (in 
: Di selbs 
in Potential mit Zylinders 
, da Rahmen der Bornschen 
iherung Gl. (A.1) fiir ein Potential V(t) 
gesetzt, \ nicht ver- 
il End é iegt r geber 


cht ganz sti 


abzuschirmenden Elektronenladungen 
Beziehung wurde als Gl. 
mmetrie gefunden. 
Kan Zeigel aqaass im 
beliebig« 
aa aa Gebiet 

hierfii 
viellei per sehr 


Bornschen Niaherung 


endaen 


ines allgemeinen Poten- 


mit einer Kugel von so 
\usdehnung von 
V(r) 


rschiedenen 


nn bilde man 


V orausset- 


und wegen 


(A.1) 


Treies 


lie Giltigk« 
Naherung 
FRIEDEL und BLANDIN zur 
onders ein- 

Naherung 


chiebung des 


bewirkt ein Stérpotential V(r) eine 
zur Wellenfunkti 


ull 


w% gehorenden Energieeigenwertes 


f b*- V(r) - 
Ae 
| of* 
Elektronen ist Ae (A.2) 
Zustandsdichte pro 


Fiir quasifres nach Gl 
unabhangig von € Ist nie) di 
Energieeinheit (ohne Beriicksichtigung des Spins), so ist 
die Anderung der Gesamtenergie eines Elektronengases 


mit Fermi-Energie ¢ gegeben durch 


AE = 2 | Ae- ne) de 


0 


und H. 


BROSS 


Zwischen der abzuschirmenden Ladung Z (dem nega- 
tiven der durch den Stérpotential verdrangten Ladung, 
Elementarladungen 


beide in gemessen) 


besteht 


positiven 


wegen der Erhaltung der Fermigrenze der 


Zusammenhang 


Z = Zajc. (A.4) 


Es gilt somit 


(A.5) 


)die Gl. (A.1) folgt 


Der Beweis von BLANDIN macht von der Theorie der 


woraus wegen n(€) const. v/ (€ 
S-Matrix Gebrauch und ist etwas umstandlicher als der 
vorhergehende, so dass wir ihn hier nicht wiedergeben. 
Er hat 

exp(ifr) 
besitzt, zu gelten. BLANDIN findet, dass auch 


jedoch den Vorzug, auch fiir Blochfunktionen 
‘ u(t), Wo u(t) die Translationsinvarianz 
des Gitters 
hier eine Beziehung der Form (A.1) zutrifft, jedoch mit 
einer durch u;(t) bestimmten 
Faktors 


Die vorstehenden 


Konstanten an Stelle des 


Ergebnisse bedeuten, dass die in 


der Bornschen Naherung berechneten Bindungsenergien 


von Leerstellengruppen Null sind. Die unter der An- 


nahme sehr lokalisierter und hoher Potentiale berech- 


neten Bindungsenergien sind Extremwerte, die in Wirk- 


lichkeit nicht erreicht werden kénnen. Dies bedeutet, 


Berechnung von Bindungsenergien eine ge- 


Potentialverlaufs erforderlich ist 


dass zur 
Kenntnis des 
Berechnung der Bildungsenergie einer Leer- 


nauere 
als fiir dic 
stelle 
SEEGER und 
Leerstellenpaaren in einwertigen Metallen von 0,06 ¢ 
Grenze darstellt und dass sie in Wirklichkeit 
0,04 ¢, bei den Edelmetallen also etwa 


Eine Anwendung hiervon ist, dass die von 


Bross berechnete Bindungsenergie von 
eine obere 
wohl 0,03 
0,2 eV, betriagt 


C bis 
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Sommaire—Aprés avoir étudié récemment"! 
structure dans la prédiction de la semiconductibilité des composés minéraux ]’auteur relie ici les 


le rdle de la coordinence covalente et du type de 


données atomiques et structurales 4 la valeur de l’énergie d’activation au moyen de formules 
empiriques permettant le calcul des contributions homopolaire et hétéropolaire a cette énergie. 

Les distances interatomiques dans les structures C 1, DOs, A 7, B 1, C 6, C 33, B 29 et DOis 
servent de base 4a |’établissement de trois tables de rayons atomiques covalents pour les liaisons par 
orbitales sp*, sp? et p®, en généralisant le travail de PAULING sur les rayons tétraédriques, et la 
contribution homopolaire est calculée a partir de ces rayons. 

La contribution hétéropolaire est ensuite reliée aux différences d’électronégativité entre les 
atomes constituants et a leurs numéros atomiques. On montre que la table d’électronégativités de 
PAULING n’est pas utilisable et une nouvelle table est construite en accord avec les données expéri- 
mentales. 

Des tableaux donnent l’énergie d’activation calculée et ses deux contributions pour une centaine de 


composés binaires semiconducteurs. 


Abstract—After the recent study") of the importance of the covalent codrdination and of the 
structure type in the prediction of the semiconductivity of inorganic compounds, the author relates 
here the atomic and structural results to the value of the energy gap by means of empirical formulae 
allowing the computation of the homopolar and heteropolar contributions to this value. 

The interatomic distances in the C 1, DOs, A7, B1, C 6, C 33, B29 and DOis structures are used 
to build three tables of covalent atomic radii for bonds by sp, sp? and p® orbitals, by generalizing 
PAULING’s work on tetrahedral radii, and the homopolar contribution is computed from these radii 

The heteropolar contribution is then related to the differences of electronegativity between the 
atoms and to their atomic numbers. It is shown that PAULING’s electronegativity table cannot be used 
here and another table is built in good agreement with experimental results. 

Tables give the computed energy gaps and their homopolar and heteropolar parts for about a 
hundred semiconducting binary compounds 


1. INTRODUCTION celles ot la coordinence de base de ces mémes 

Nous avons été amenés dans un article récent™) 4 atomes est trois et peut étre portée a six par la ré- 

distinguer pour les composés semiconducteurs sonance (arsenic, sel gemme et structures dérivées). 

homopolaires et assimilés deux grands ensembles: La Fig. 1 rappelle la place qu’occupent dans la 

d’une part les structures ot la coordinence de base classification périodique les atomes de ZINTL et la 

des atomes de ZINTL est quatre et peut étre portée limite approximative entre élements légers et lourds 

a huit par le phénomene de résonance (blende, tendant a donner des composés se classant dans l’un 
fluorite et structures dérivées), et d’autre part ou l’autre des ensembles ci-dessus. 

Nous allons maintenant relier ces données 

* Précédemment lié a la Cie Saint Gobain, ow ce travail atomiques et structurales a la principale caractér- 

a été effectué. istique des semiconducteurs : ]’énergie d’activation. 
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La prédiction du caractc semiconducteur d’un 


composé pourra ainsi s’accompagner, dans les cas 


simples, d’une prédiction grossiere de son com- 
rtement. Iorre’) a en effet remarqué en 1951 que 
n’était nullement liée a 


la semiconductibilite 


l’existet d’un ordre cristallin rigoureux et a 


ce de semiconducteurs vitreux et 


1] existe un ordre a courte distance. 


Composés semiconducteurs et classification 


périodiqu¢ 


On peut également en déduire qu’une valeur ap- 
prochée de l’énergie d’activation doit pouvoir étre 


obtenue dans une structure donnée d’une maniére 


simple, sans faire intervenir explicitement la 


théorie des bandes, a partir de la nature des prin- 
cipaux atomes en présence et des longueurs de 
liaison les séparant. 

Un certain nombre d’auteurs se sont engagés 
dans cette voie, se limitant aux éléments de la 
colonne IV (structure du diamant) et aux com- 
posés intermétalliques binaires III V (structure de 
la blende). Nous citerons entre autres les travaux de 
WeLKER®), HerMAN™), GoopDMAN ), WELKER et 
Weiss), Mryaucui™, Wor, TOMAN, FIELD et 
CLarK'®), ORMONT®), FOLBERTH®®), FOLBERTH et 
WELKER"!), WELKER"), etc ... 

On semble admettre généralement, avec Goop- 
MAN, que l’énergie d’activation Eg d’un composé 
peut étre décomposée en une contribution “homo- 
polaire’’ £; comparable aux énergies des éléments, 
et une contribution ““hétéropolaire” E2 dans laqu- 


elle il est propose de faire intervenir le caractére 


partiellement ionique de la liaison, c’est-a-dire la 
différence d’électronégativité entre les atomes con- 


stituants : 


Kg = +s 


(1.1) 


La prédiction des énergies d’activation nous 
aménera donc d’abord a essayer de construire des 
tables de “rayons’’ atomiques covalents, ou plus 
exactement de contributions atomiques 4a la 
longueur de liaison, en fonction du type de liaison 
que la coordinence fait prévoir, et en utilisant la 
classification et le systeme de notations que nous 
avons proposé récemment. Nous développerons 
ces conceptions a cette occasion en proposant des 
schémas de liaison homopolaires pour d’autres 
s¢ries de composés et en utilisant les rayons 
trouvés ci-dessus. 

La prédiction de ces énergies nous amenera en- 
suite a essayer de construire de la méme maniére 
une table de valeurs d’électronégativité avec toutes 
les corrections qu’appelleront les différents types 
de liaison. 

Les composés d’éléments de transition, suscep- 
tibles de mettre en jeu des liaisons hybrides d-s-p, 
y seront systématiquement laissés de c6té en vue 


d’une étude ultérieure. 


2. TABLES DE RAYONS ATOMIQUES COVALENTS 

Les ‘Tableaux 1 (orbitales sp*) et 2 (orbitales p*) 
montrent l’ensemble de rayons atomiques que nous 
proposons. II] s’agit évidemment de rayons ap- 
prochés a 1 ou 2 pour cent pres, les moins bien 
définis étant ceux des éléments susceptibles de 
former des composés a fort caractére ionique, tels 
que les alcalins, alcalino-terreux et halogénes. Cet 
ensemble a été calculé en supposant toujours les 
atomes au Nous donnons ci-dessous 
quelques exemples destinés a préciser la marche 


contact. 


suivie. 

Nous avons vu précédemment") que la structure 
C 1* et le réseau partiel covalent de la structure 
DOx3* présentent tous deux la coordinence huit 
pour l’atome de ZINTL et quatre pour le maillon 
métallique. La plupart des rayons tétraédriques ont 
été calculés par Pautinc”*), Les longueurs de 
iaison dans les binaires IIsTV donnent donc les 
rayons cubiques des éléments IV (c’est-a-dire de la 
colonne IV de la classification) et l’on peut ad- 
mettre que le plomb et le bismuth ont leurs rayons 


cubiques égaux comme leurs rayons tétraédriques. 
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Tableau 1. 


2a 


Bery 1,06 


Metv 1,40 





Curvy 135 


Rbiv Agiy 
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Rayons covalents tétraédriques* et cubiques (Myy et Myttt) 


Pry 1,10 


Pyiii 1,25 


Sirv 
Siviil 


Asrv 1,18 
Asvitt J 


Getv 
Gevyitl 
1,40 


Snry Sbry 


Snvyii Sbyi1 Tevin 


Biry Iry 
Bivirt 


Pbrvy 


Pbyiit Ivint 


* rayons tétraédriques (a |’exception des alcalins) d’aprés PAULING"), 


Les réseaux partiels [I2V]~ permettent alors 
d’atteindre Lizy et Sbyrtz et les binaires Io~ V1] 
completent les rayons tétraédriques alcalins que 
PAULING n’avait pas obtenus, ainsi que les rayons 
cubiques des éléments V. On peut également 
utiliser les binaires (()?-II3) V+ des structures 
D5s, D53 et D5y,* notamment Zng Po, et vérifier 
que la perturbation provoquée par l’existence d’une 
lacune dans la structure est faible. 

Les demi-distances a l’intérieur des couches 
atomiques doubles de la structure A 7 donnent les 
rayons trirectangulaires des éléments V tandis que 
les moyennes des distances précédentes avec les 
distances séparant les atomes de deux doubles 
couches successives dans les variétés métalliques 
donnent une idée des rayons octaédriques qu’aurai- 
ent ces éléments dans une structure hypothétique 
a coordinence six. La décroissance régulicre des 
rayons en fonction du numéro atomique permet de 
fixer l’ordre de grandeur de Sey; par rapport a 
Asy; et les longueurs de liaison des binaires 
[V-VI+ dans la structure B 1 completent les rayons 
octaédriques des éléments IV et VI. Les binaires 
(C3-IV-) VIL? a structure C 6, pour lesquels nous 
proposons le schéma de liaisons de la Fig. 2, nous 
donnent le rayon de l’iode [yy et le réseau com- 
pense [T1]?-Mg?* a structure B 2 celui du thallium 
Tlyz. On constate alors que la plus courte longueur 


* Notations du Strukturbericht. 


TI-I dans TII est intermédiaire entre Tly;+ ly; et 
TH+TI-. 

La variation de ces rayons en fonction du numéro 
atomique est indiquée par la Fig. 3. Leur ensemble 
n’est pas en désaccord avec la notation covalente 
pure que nous avions préconisée précédemment, “!) 
et semble parfois donner une réalité aux électrons 
surnumeéraires ajoutés au symbole chimique, ainsi 


Fic. 2. Schéma de liaisons dans PblIe. 


que nous le constaterons a nouveau dans la Section 


4. L’augmentation moyenne de rayon causée par 
une liaison monoélectronique (résonance) est de 
9,5 pour cent aussi bien pour les liaisons p pures 
que pour les hybrides sp’. 

On peut completer cet ensemble a I’aide des 


quelques rayons ci-dessous : 
1,16 
It; ~ 1,40 


Sq 1,05 Ser Ter 1,43 


i 


1,33 
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Z 


Fic. 3. Variation du rayon en fonction du numéro atomique. 


3. ETUDE DE QUELQUES STRUCTURES 
SPECIALES 

Let motif de la structure C 33 comprend deux 
couches atomiques doubles de type A 7 séparées 
par une couche simple et la maille rhomboédrique 
. . s’étend dans la direction [111] sur trois motifs con- 
ae, sécutifs (Fig. 4). Nous avons signalé@) la pos- 
& sibilité de considérer un réseau compensé [V VI]* 
\ 2 VI2- ot les atomes de la couche centrale jouent le 


c n 


— 


Pi. 
Pa A 


ws 
| Fic. 5. Schéma de liaisons dans BigTes (modéle a co- 
x x x ordinence trois). 
ad 
role d’ions interstitiels, les liaisons s’établissant 
comme I’indique la Fig. 5. En utilisant les valeurs 


Fic. 4. Distances interplanaires dans la maille de Bi2Tes. de x; et x9 déterminées par LANGE“) et les valeurs 
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plus précises des paramétres mesurées par FRAN- 
coMBE®5), on trouve pour BigTeg des longueurs de 
liaison de 3,12 a |’intérieur d’une double couche et 
de 3,23 entre une double couche et la couche 
centrale. De méme utilisation des données de 
Harker"!®) relatives a la tétradymite BigTe2S con- 
duit 4 des longueurs correspondantes de 3,12 et 
3,05. La comparaison de ces chiffres avec 
Bivyr+Sv1 = 2,94 
Bi Ili+ S2 
Biqi1+ Terr = 2,95 
Bigir+ Te? 
Biyi+ Tey; = 3,15 


montre que nous devons envisager également un 
modeéle a coordinence six ow les liaisons s’établirai- 
ent successivement comme indiqué sur la Fig. 6. 


Te 


6. Schémas de liaisons successifs dans Bi2Te3 
(modéle a coordinence six). 


La structure orthorhombique B 29 est analogue 
ala structure A 7, avec quatre longueurs de liaison 
possibles, deux courtes et deux longues. Elle com- 


prend les composés SnS, SnSe et GeSe, auxquels il 


convient de rattacher GeS qui cristallise dans la 
structure voisine B 16 intermédiaire entre B 29 et 
B 1. Nous référant aux longueurs données par 
Kress?) et Oxazakr@8), nous completerons les 
rayons trirectangulaires en utilisant les moyennes 
des distances courtes. Les moyennes générales sont 
en accord avec les rayons octaédriques du Tableau 
2 pour GeS, et un peu plus fortes pour SnS et 
GeSe, l’écart n’excédant guere 2 pour cent. 


sans resonance 


sans resonance 


avec resonance 


Fic. 7. Schéma de filiation a partir des binaires II-V. 

La structure orthorhombique des binaires II-V 
(ZnSb et CdSb) et le schema de leurs liaisons ont 
été discutés par Mooser et PEARSON“), Les angles 
de liaison montrent que leur cas est intermédiaire 
entre les liaisons par orbitales sp? et p® et la 
longueur Sb-Sb dans CdSb conduit a un rayon de 
1,40 Sbyrr et Sbry. La 
filiation de la Fig. 7 montre comment on peut leur 
rattacher la proustite Ag~ As S, 
binaire Ag> F2+ qui cristallise dans la structure 
antiisomorphe de C 6 et ou la longueur de liaison 


intermédiaire entre 


et le curieux 


Ag-F est incompatible avec une formule ionique. 
On retrouve dans le schéma de liaisons que nous 
proposons Fig. 8 la liaison F—F correspondant 4 la 
liaison Sb-Sb dans CdSb ou a la liaison Sb-(As)- 
Sb dans la proustite, mais le phénomene de 


Tableau 2. Rayons covalents trirectangulatres et octaedriques 
(Marr et Myr) 
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résonance conduit ici a des coordinences quatre et 
six et on est obligé d’envisager une liaison s entre 
atomes d’argent.* On pourrait tirer de ce schéma 
un rayon Fy; = 0,90. 

Pour les binaires IV VIo (SnSe et SnSeg), 
cristallisant dans la structure C 6, le schéma de la 
Fig. 2 est inapplicable, de méme que le schéma de 


Fic. 8. Schéma de liaisons dans AgeF 


devons considérer, 


AgoF Nous 


analogie avec la silice et la germane, des tétraédres 


ci-dessus. par 


autour de l’atome d’étain. Ces tétraédres étant 
déformés, on congoit que la longueur Sn-S soit 
supérieure a Snyy + Syy de 4 pour cent. La filiation 


de la Fig. 9 montre comment on peut leur rattacher 


Vil Atomes 


Fic. 9. Schéma de filiation a partir des binaires IV—VI. 
les réseaux partiels [III VI2]~ des binaires III V1 
(TIS et T1Se) cristallisant dans la structure B 37, et 
le composé Cd Ip cristallisant a nouveau dans la 
structure C 6, dont les longueurs de liaison sont 
toujours légerement supérieures a Myy + Myz. 

La structure hexagonale de GaS et des autres 
binaires III VI (GaSe, GaTe, InS et InSe) com- 
porte des feuillets quadruples avec une liaison 
directe Ga—Ga et leur caractére semiconducteur, 
signalé a plusieurs reprises, a été confirmé ré- 
cemment par FIELDING, FIscHER et Mooser®), 
Nous proposons de les faire dériver de binaires 
IV V encore peu connus (sauf peut-étre GeAs) et 
invoquée a 


* L’existence de la liaison s a déja été 


propos de Hg;* et CsAu.‘°° 
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la Fig. 10 compare leur schéma de liaison possible 
avec celui de CdSb. Il s’agit encore d’un cas inter- 
médiaire entre les coordinences trois et quatre, bien 
que la longueur de liaison Ga-S = 2,32 par ex- 
emple soit plus proche de Gary+Sry = 2,30 que 
de Garv+Sr = 2,44. 


Fic. 10. Schémas de liaisons dans GaS et CdSb. 


4. STRUCTURE DO;s ET RAYONS 
COPLANAITRES + 

La structure hexagonale DO;g du composé 
NagAs et des composés isomorphes est intéressante 
en raison des deux sites cristallographiques pos- 
sibles pour les atomes Na. Par analogie avec le 
réseau compensé que nous avions proposé a la suite 
de Jack et WACHTEL®*) pour expliquer la structure 
de Cs3Sb, nous proposons suivant KREBS une 
formule [NaAs] Nag ot la semiconductibilité con- 
firmée récemment par SPICER et SOMMER®®) serait 
due au réseau partiel [1 V] uniquement. Ce réseau 


comporte la méme orientation des liaisons que 


Fic. 11. Schéma de liaisons dans NagAs. 

BN et nous suggérons donc qu’elles font inter- 
venir des orbitales hybrides sp”. On est alors con- 
duit 4 une notation [I?-V?*] et au schéma de 
liaisons de la Fig. 11 qui suppose |’existence d’une 
liaison s entre les atomes de sodium extérieurs au 
réseau (‘‘molécules’”’ Nao). 


+ Note ajoutée sur épreuves : Une étude de la nature des 
liaisons dans les composés I-V a été présentée par 
auteur au Congrés International de Cristallographie 
a Cambridge en aoit 1960 (a paraitre dans Acta Cryst., 
Camb.). 
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Tableau 3. Rayons ccovalents coplanaires (My11 B) 


1,54 Brie O85 
1,94 
2,36 


2,50 


Litt B 
Nari B 
Kir B 
Rbiii B 


0,91 
0,98 


Pris 
AsIII B 


Sbi B 1,13 
Birr B 1,21 


Le Tableau 3 montre l’ensemble de rayons atom- 
iques ‘‘coplanaires” que nous proposons dans le cas 
des orbitales sp”. Pour le construire, nous avons 
d’abord calculé les longueurs de liaison dans tous 
les composés de cette structure puis les augmenta- 
tions des rayons Myy7p lorsqu’on passe de |’élé- 
ment de niveau » a l’élément de niveau +1 dans 
une méme colonne de la classification périodique, 
et nous avons comparé ces derniéres avec les aug- 
mentations analogues pour les rayons connus Mry. 
On trouve en moyenne pour les éléments légers : 


éléments I (alcalins) 
Mirrp(a+ 1)— Miurrp(7) 


- —_—__—— — = 1,14 
Myry("+ 1)— Mrv(7) 


éléments V 


Murrp(m+ 1)— Mrrrp(7) 


Mrv(7+ 1)— Mrv(”) 

Nous avons alors supposé que les rayons Miiip 
et Myy étaient euxmémes dans les rapports ci- 
dessus. 

On remarquera que les alcalins ont ainsi des 
rayons My; supérieurs aux rayons Myy, en ac- 
cord qualitatif avec les notations covalentes pures 
I2- et I-. Les éléments du groupe V ont au contraire 
des rayons Myyrp inférieurs aux rayons Myy, en 
accord également avec les notations covalentes 


V2+ et Vt. 


5. CALCUL DE LA CONTRIBUTION £; 
Nous nous appuierons surtout sur le travail de 
GoopMAN®) qui, partant de la notion de “‘force de 
liaison” introduite par PAULING, a proposé pour la 
structure du diamant un graphique donnant +/(£)) 
en fonction de 10/d?, ot E) est l’énergie d’activa- 
tion et d la longueur de liaison, et montré que les 


éléments Si, Ge et Sn se placent alors sensiblement 
sur une méme droite. Nous pouvons maintenant 
expliciter la relation de GooDMAN, en remplagant 
d par la somme des rayons (r+r’), d’ailleurs 
identiques dans le cas d’un élément 
a 
V(Ei) + -¢ 


(7 -_ y'\b 


(5.1) 


On calcule aisément que, pour la série SiGeSn, 
les valeurs a = 16, b = 2 etc = 1,875 donnent un 
accord satisfaisant si £; est exprimée en électron- 
volts et r et r’ en angstréms. Si l’on veut toutefois 
étendre la relation aux séries P As Sb et S Se Te, 
on s’apercoit que cet accord n’est pas conservé, a 
moins de modifier chacun des trois coefficients 
pour chaque série. II est alors préférable d’adopter 
les relations plus simples que nous proposons ci- 


dessous : 


(5.2 


la premiere s’appliquant a SiGeSn (liaisons par 
orbitales hybrides) et la seconde aux autres séries 
(liaisons par orbitales pures). On remarquera que 
la relation (5.2) est identique a la relation de 
GOODMAN lorsque (r—r’) est petit devant (r+7r’), 
condition qui est évidemment remplie pour les 
éléments, mais qui l’est également pour la majorité 
des composes. Le terme «, seul parametre variable 
a subsister, prend pour les différents types de liai- 
son les valeurs suivantes, déterminées a partir des 
énergies d’activation mesurées expérimentalement 
a l’ambiante pour le germanium, |’antimoine, le 
tellure et l’iode : 

liaison sp? 

liaison sp” 

liaison p® 

liaison p? o 

liaison Pp 


Le Tableau 4 montre que l’ordre de grandeur 
trouvé pour les autres éléments a partir de ces 
valeurs est généralement correct, sauf pour les 
deux éléments les plus légers: bore et carbone 
(pour la liaison sp?, « a été fixé d’une maniere ap- 
prochée, voir Tableau 8). L’accord serait meilleur—— 
notamment pour les faibles valeurs de £j-si nous 
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Tableau 4. Energies d’activation des éléments semiconducteurs 


Orbitales 
utilisées 


liaison 


hybride 


p pure 


* 


j 


valeur utilisée pour le calcul de 


avions pu utiliser les énergies d’activation au zéro 
absolu, mais celles-ci sont mal connues pour beau- 
coup de composés et nous aurions été génés dans 
la Section 6 


l’on trouve des énergies pratiquement nulles pour 


I] est interessant de remarquer que 
des variétés hypothétiques du plomb et du polon- 
ium qui cristalliseraient respectivement dans les 
structures A 4 et A 8, ainsi que pour le bismuth 
dans la structure A 7. ZINTL*) a montré que, dans 
le composé intermétallique NaTl, les atomes de 
thallium forment un réseau partiel covalent 
[(Tl]~ a structure A 4. Pour un tel réseau, le second 
la relation (5.2) se 


membre de trouve négatif et 


nous conviendrons de compter dans ce cas une 


énergie /) nulle en accord avec sa conductibilité 
métallique. 

Aucun élément semiconducteur ne manifeste le 
phénomene de résonance, mais on pourrait imagi- 
ner Si, Ge et Sn dans la structure A 2 : ]’énergie 
EF, calculée a partir des rayons Myyy; donne 0,08 
pour les deux premiers et zéro pour |’étain. On 
sait qu’il n’existe pas d’éléments cristallisant avec 
un réseau cubique simple, mais on peut trouver le 
réseau partiel covalent ['Tl]*- de méme structure 
formé par les atomes de thallium dans le composé 
intermétallique Mg'Tl. 


Elément et rayon Ee 


x dans ce type d’orbit: 


calculé Eg expéri- 


mental (ambiante) 


(~ 24) 
1,10 
0,66* 
0.03 


0,66 

0,08 

meétal 
métal (NaT) 


métal 
métal (MgT1l) 
2.6 
1,6 
0,38 
métal 
1,28 


SO t 


mie inwun 


pS 


6. TABLE D’ELECTRONEGATIVITES ET 
CONTRIBUTION £2 

GOODMAN) avait calculé les contributions £) de 
quelques composés a structure B 3 en généralisant 
la relation proposée pour la structure A 4, et en 
supposant que des longueurs de liaison identiques 
dans ces structures correspondaient a des liaisons de 
méme force et donnaient naissance a la méme 
énergie d’activation, mais qu’1l s’y ajoutait pour la 
premicre une contribution supplémentaire liée a la 
différence d’électronégativité entre les atomes. 
Ayant obtenu ensuite la contribution Ey de ces 
composés par différence avec les valeurs expéri- 
mentales de Eg alors publiées, il avait tres juste- 
ment pressenti que l’échelle d’électronégativités de 
PAULING n’était pas utilisable. Plus tard, Fot- 
BERTH") émit a propos de la série des composés 
binaires III V Vidée que les nuages électroniques 
étaient polarisables et tenta de calculer leur polar- 
isation en fonction de la somme des numéros 
atomiques (Z+ 2’). 

La table d’électronégativités de PAULING fournit 
peu d’indications concernant la partie moyenne de 
la classification périodique, notamment pour les 
éléments des colonnes II (Zn, Cd) et III (Ga, In), 


particulicrement intéressants pour nous. I] est 
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Tableau 5. Etude du mode de calcul de la contribution E> 


A—Contribution E2 pour quelques couples de composés binaires isoélectroniques : 


Composé 
(ambiante) 


AlAs 
GaP 
GaSb 
InAs 
ZnTe 
CdSe 


ou 


“MIMO W ~J] dO Ww 
w 


Eg expérimental* 


FE; calculé Es 
d’aprés (5-2)7 
0,67 
1,05 
0,21 
0,25 
0,19 
0,29 


B—Contribution E2 pour quelques composés d’ atomeés de méme niveaun : 


FE calculé 


d’aprés (5-2)? 


Composé £¢ expérimental* 


(ambiante) 


1,05 
0.67 
0,03 
0,67 


0,03 


AIP 
GaAs 
InSb 
ZnSe 
CdTe 


Valeurs de Eg obtenues a partir de trots tables 


Ee calculé Ey 
(PAULING) 


C : FE; calculé 
ompose ’ . - ‘ 
I d’aprés (5.2)7 


plifiée) 


AIP 1,0 
AlAs O:7 
AlSb 

MeoSi 0 
MeygoGe 0 
MgSn 0 


* d’aprés l’ouvrage récent de HANNAY(®). 


t une relation du type (5.1) donnerait des chiffres 4 peu 


néanmoins possible de prouver qu’elle ne saurait de 
toutes maniéres étre utilisée ici en calculant la con- 
tribution £2 pour des couples de composés binaires 
isoélectroniques, de manicre a éliminer |’influence 
possible de la somme (Z+Z’). Le Tableau 5 A 
montre en ce cas que cette énergie, et par voie de 
conséquence la difference d’électronégativité Av 
des atomes constituants, est toujours plus élevée 
lorsque l’atome lourd est l’atome de ZinTL. Ceci 
entraine une certaine inclinaison des segments 


C alc ulé 


(table sim- 


Ee Relation 
calculé utilisée 
8—4 log (Z+Z’) 

idem 
idem 
9—4 log (Z+Z’) 


idem 


d’électronégativites : 


Relation utilisée 


pour le calcul de 


E 2 


'g expérim.* \x 


idéal 


\xn +7 —4log(Z+Z’) 
idem 
idem 

\x +25 2log(Z+Z’) 
idem 


idem 


prés identiques. 


joignant les éléments d’une méme colonne (Fig. 
12 a), et il est bien connu que ces segments ont une 
inclinaison contraire dans la table d’électronégati- 
vités de PAULING (partiellement reproduite Fig. 
12 b). 

Considérons maintenant des composés binaires 
constitués d’atomes de méme niveau n, et pour 
lesquels la différence d’électronégativité Ax varie 
relativement peu si nous supposons les segments 
de droite de la Fig. 12 a peu prés paralléles. Le 
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nécessité de tenir compte 


au 5 B montre la 
pour les atomes lourds, en plus de Ax, d’une cor- 
rection qui semble grossicrement représentée par 
un terme en log (Z+ Z’), L’utilisation de ce terme 
facteur a a nous permettre a pre- 


cul pproprie \V 


sent de comparer dar le Table 1u 5 { les mérites 


Fic. 12. Inclinaison des segments dans les tables d’élec- 


tronegativite 


de trois tables d’électronégativités différentes : 
d’une part la table de PAULING, dont on peut tirer 
Ax pour les composés de Al et Mg, d’autre part une 
table rudimentaire ot aux éléments des colonnes 
[, II, IIT, IV, etc. de la classification périodique 
correspondent simplement des électronégativiteés 
x 0—0,5—1—1,5 etc., et enfin la table idéale 
donnant la valeur expérimentale de Eg, table que 
nous cherchons justement a construire. Les ré- 


sultats montrent clairement que la table simplifiée 


donne un ordre de grandeur correct et que si l’on 
cherche un meilleur accord, on doit construire une 
table extrémement différente de la table de PAuL- 
ING, ainsi que la Fig. 12 le laissait prévoir. 

La Fig. 13 montre la table d’électronégativités 
que nous avons ainsi construite, les valeurs de v y 
étant assemblées a la maniere de PAULING pour 


Echelle d’électronégativités proposée pour le 


Fic. 13 


calcul de Ee 


mettre en évidence leurs relations avec la classi- 
fication périodique. Elle peut étre utilisée pour tous 
les types d’orbitales de liaison a condition d’em- 


ployer pour le calcul de la contribution F les deux 


relations 


Ey = Ax+B—4log(Z+Z’) eV (6.1) 


Ey = Ax+y—2log(Z+Z’') eV 


avec les valeurs suivantes des parametres : 
orbitales sp? f 6 
orbitales sp? 
orbitales p? f 5 


La relation (6.1) s’applique aux liaisons diélec- 
troniques, ot n’intervient pas le phénoméne de re- 
sonance, alors que la relation (6.2) s’applique au 
contraire aux liaisons monoélectroniques, ou ce 
phénoméne intervient.* 


* La diversité de ces valeurs ne diminue pas la validité 
des formules proposées, car il serait assez logique de 
faire intervenir d’autres facteurs tels que le nombre de 
dimensions de l’espace dans lequel se développent les 
liaisons, celui des liaisons par atome et celui des élec- 
trons par liaison. I] est toujours possible alors de con- 


denser (6.1) et (6.2) en une formule unique. 
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7. ENERGIES D’ACTIVATION DES BINAIRES maintenant possible empiriquement a partir des 
CONCLUSIONS tables de rayons atomiques et de la table d’électro- 
La prédiction de l’énergie d’activation est négativités. Les tableaux 6, 7, 8, 9 et 10 en 


Tableau 6. Liaisons diélectroniques par orbitales sp* 


Eg Eg 
Formule 7 Ip) calculé expérimental Observations 
(ambiante) 


Structure 


B 3 AIP 
AlAs 
AlSb 
AIBi 
GaP 
GaAs 
GaSb 
GaBi 
InP 
InAs 
InSb 
InBi 0 


2h 


inconnu 


OW G& 


inconnu 


me Ws do Ul 


structure B 10 


ZnS 1,21 
ZnSe 0,67 
ZnTe 0,19 
CdS 0,65 
CdSe 0,29 
CdTe 0,03 
HgS 0,61 
HgSe 0,39 
HgTe 0,02 


S > 
“I 


RM bd WwW 
“ui bo 


4 


=r DON ho Ww 


> 


1 
1,4 
13 


tui un <a > - 00 CC 


Cul 0,19 
AglI 0,03 


AleTes 0,28 
Gaoses 0,84 
GazTes 0,28 
InaSes 0,35 
IneTes 0,05 


Hgle 0,06 


[CsSb]? ! 0,55 (Cs3Sb) 
[CsBi]? : 0,55 (Cs3Bi) 


* en négligeant l’influence du réseau interstitiel compensateur. 


+ en supposant exceptionnellement pour cette structure une coordinence 4. 
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Tableau 7. Liaisons monoélectroniques par orbitales sp® 


Structure Formule 


MgoeSi 

MegeGe 
Mege2Sn 
MgePb 


NaeS 
Na Se 
NagTe 
KoS 
KoS« 
KoTe 
RbeS 
CureS 
CueSe 
Ages 
AgoSe 


AgeT« 


0.61 
0.25 
0,27 


0.06 


— te ek et et ee et NO ND BO LD 
CO = t 


mr uUwui 


> 


[Li2Sb] 
[Li2Bi] 
[CueSb] 


Eg Ec expérimen- Observations 


calculé tal (ambiante) 


0,75 


0,65 
0,2 


métal 


Or OS > 


structure voisine 


Nou 


structure voisine 


— ee he ee DO ND LAO LO 


wm 


0,8 
métal 


1,0 
existence incer- 
taine 
probablement 
métal 


Nd Wu 


probablement 
métal 


en négligeant |’influence du réseau interstitiel compensateur. 


donnent les résultats les liaisons di- ou 


monoélectroniques par orbitales sp*, sp? et p®.’ 
Cette prédiction suppose que l’allure des bandes 


pour 


d’énergie est analogue pour tous les composés 
cristallisant non seulement dans une méme struc- 
ture, mais méme parfois dans des structures voi- 


sines de méme coordinence. Les résultats obtenus 


* Il apparait que la contribution £) est généralement 
négligeable dans le cas des liaisons monoélectroniques. 
Les tables de rayons Myr et Myiir ne sont donc pas in- 


dispensables au calcul de Ec. 


ici montrent que, malgré les réserves de HER- 
MAN), il doit en étre fréquemment ainsi, et nous 
espérons que les chiffres obtenus, malgré leur im- 


précision, seront utiles aux chercheurs travaillant 


dans ce domaine.*+ 


+ Note ajoutée sur épreuves: On trouve ainsi que 
E2/Eg calc. est en moyenne de 65 pour cent pour les 
binaires III-V, 75 pour cent pour les II-VI et de 90 
pour cent pour les IV—VI. Ces valeurs élevées sont en 
accord avec les remarques de FOLBERTH 4 paraitre dans 


Z. Naturf. 
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Tableau 8. Liaisons diélectroniques par orbitales sp? 


Structure Formule 2 Eo 


> wd we 
Wh A) 


[NaBi] 
[Kx As] 
[K Sb] 
[K Bi] 
[RbSb] 


— i 


wt 


Eg Eg expérimental Observations 


calculé (ambiante) 


0,8 (KsSb) 


structure incer- 
taine 


* supposé a priori sensiblement nul, par analogie avec les binaires I2VI (‘Tableau 7). 


+ en négligeant l’influence du réseau interstitiel des molécules Nag. 


Tableau 9. Liaisons diélectroniques par orbitales p® 


Structure Formule E\ 


B29" 


0,45 
0,41 
0,18 
0,33 
0,30 


GeS 
GeSe 
GeTe 
SnS 
SnSe 


[AsSe]* 0,60 


[AsTe]* 0,30 


[SbSe] 0,32 
0,14 
0,24 
0,08 


[SbTe]* 
[BiSe]* 
[BiTe]* 


* assimilée 4 une double couche isolée. 


Eg Eq expérimental Observations 


calculé (ambiante) 
structure voisine 
B 16 


inconnu dans cette 
structure 
inconnu dans cette 
structure 
inconnu dans cette 
structure 
0,3 (Sbe Tes) 
0,35 (BieSes) 
0,15 (BizTes) 


+ en supposant pour cette structure une coordinence trois et en négligeant l’influence du réseau interstitiel com- 


pensateur. 


Le nombre des valeurs expérimentales de Eg 
connues pour les liaisons par orbitales sp? ou p? est 
encore trés réduit et les prévisions dans ce domaine 
sont donc plus incertaines. I] est possible qu’une 
meilleure connaissance de ces composés conduise 
a des tables d’électronégativités distinctes pour les 
liaisons par orbitales hybrides et par orbitales pures. 

Les composés ternaires, quaternaires, etc n’ont 
pas été pris en considération. Outre les contrac- 
tions importantes qu’y subissent les rayons atom- 
iques, l’absence de valeurs expérimentales de 


S 


énergie d’activation rend tres difficile toute 


spéculation les concernant. * 
Remerciement—Nous sommes heureux de mentionner 
la correspondance que nous avons échangée avec le 

* Note ajoutée sur épreuves: Un travail récent de 
PEARSON [Canad. J. Chem. 37, 1191 (1959)], dont nous 
n’avions pas eu connaissance, propose d’autres relations 
pour les composés a structure de blende. L’échelle 
d’électronégativités de Gorpy and THomas, le nombre 
quantique moyen 7” et le rapport des rayons ioniques 
des atomes constituants y sont utilisés. 
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Tableau 10. Liaisons monoélectroniques par orbitales p* 


structure Formule 


0,06 
0.10 


0,04 


0,02 
0,09 
0.03 


0,01 


0,07 


0,03 
0.04 
0.01 


1 Supposant pour cette structure une coordinence six. 


GOODMAN au sujet de la nature des liaisons 


C.H.L 


dans certains types de structure 


1 
i 
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MEASUREMENTS 
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Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 
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Abstract—Room temperature (300°K) conductivity mobilities of holes and electrons in Ga, As, and 
Sb doped silicon have been calculated from electrical and radiochemical measurements using the 
effective mass approximation. The concentration range investigated was from 10!® to.2 x 1018 cm-3 
and from 4 x 101° to 2-5 x 1019 cm~ for p- and n-type silicon respectively. Ionization energies from 


Hall effect measurements and their changes with concentration are estimated for the nondegenerate 
specimens. Ionization is assumed to be complete in the degenerate cases. In addition, the results are 


compared with published drift, conductivity and Hall mobilities. 


INTRODUCTION 
CONSIDERABLE data have been published on the 
drift,@> 5 Hall@, 3. 5, 7) 
mobilities of electrons and holes in doped silicon. 
In most instances, the mobility of the charge carriers 
at 300°K has been investigated as a function of the 


conductivity 6 and 


resistivity alone. The present report is an investi- 
gation of mobilities by electrical conductivity and 
radiochemical measurements, taking into account 
both total and ionized impurity densities. This 
permits the calculation of the total impurity con- 
centrations from conductivity measurements. The 
data also represent an attempt to combine pub- 
lished information with the new results in order 
to obtain better estimates of mobilities as a function 
of the 300°K resistivities. No distinction is made 
between drift and conductivity mobility since they 
have been shown to be equal. ‘®) 

The conductivity or drift mobilities of electrons 
and holes depend upon the electrical properties of 
the ionized impurity atoms and for n- and p-type 
specimens respectively, are given by the ex- 
pressions: 

1 l 
bp = 


(1) 


Ln = 


ép pNa - 


epnNp+ 


In (1) uw, and pu, represent the mobilities in 
bn Hp 
cm? /volt-sec., e, the charge on the electron, p, and 


Py» electrical resistivities in ohm-cm and N 4_ and 


Np,. the number of singly-ionized impurity atoms 
per cm*. 

N44 and Np, the total number of impurity atoms 
as determined directly from radiotracer measure- 
ments, are equal to N4_ and Np,, the number of 
ionized impurity atoms respectively, if one assumes 
that all impurity centers are ionized. This assump- 
tion makes it possible to calculate the mobility of 
electrons and holes directly from electrical and 
radiotracer measurements in the degenerate range 
of silicon with impurity concentrations of 

5 x 1018 per cm?. At this doping level ionization 
is virtually complete. 

For the lower impurity concentrations, non- 
degenerate semiconductors, we proceed by apply- 
ing the Boltzmann expression to the bands and the 
Fermi expression to the filling of the individual 
levels. Thus for n-type silicon: 

Ep Ey 
Ne exp 


Np 
l En—Epr 
1+ exp | a : 
g kT 


where n is the concentration of electrons in the 
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conduction band and nq is the number bound to 
donors. The symbol N¢ represents the effective 
density of states for silicon in the conduction band 
and at room temperature (300°K) equals 2-84 > 
1019 cm-3,0) Ep is the Fermi level in electron 
volts, Ec, the lowest energy level in the conduction 
band +()-545 eV for 


measured from the middle of the silicon gap), Ep, 


in electron volts ( energy 


the assigned energy level of the donor atom, g, 


the ground state degeneracy of the impurity level 


which is equal to for donors.“ Obviously 
Np n- 

Corresponding expressions can be written for 
holes, since N4 = p+pa. For p-type silicon, p is 


the concentration of holes in the valence band and 


Nq. 


Pa the number bound to acceptors. Vy, the density 
of states in the valence band, is equal to 1:15~x« 
1019 cm-3 at room temperature in silicon. Ep is the 
Fermi level in eV, Ey is —0-545 eV for energy 
measured from the middle of the silicon gap, E 4, 
the assigned energy level for the acceptor atom in 
electron volts and g is equal to 4. the total degener- 
acy of an acceptor impurity.@)) 

In most cases we must apply the Fermi statistics. 
However, if the 
several kT away from the Fermi level, they exhibit 
a Boltzmann like distribution. When the rate of 
donor states to the con- 


electrons are of the order of 


loss of electrons from 
duction band is equal to the rate of return of 
electrons to donor centers an equilibrium is de- 
scribed. An explicit expression for the equilibrium 
ionization constant of a donor is obtainable under 
conditions of thermal equilibrium. This equilibrium 
constant, K, and the rates of the two processes are 


expressed by “®): 


Ky 
Ko 


' V)] 
K 


Nc(Np— Na—n) 


where K is the degeneracy 
ot the 
usual meaning. 


When the assumption is made that compensation 


exp(Ep— Ec) kT, 2 


donor and the other symbols have their 


is negligible, then m S» N44 and (3) reduces to: 


2n? 


Ni ( Np 


K 


n) 


A corresponding expression can be written for 
holes. The limitations of this less rigorous approach 


will be emphasized later. 
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EXPERIMENTAL 

Single crystals were grown in quartz crucibles 
by rotation from molten silicon doped with 
gallium and arsenic respectively. Longitudinal 
gradients of nonuniformity in impurity content of 

+3 per cent were found for 0-125 cm slices of 
these crystals. 

After measurements of resistivity to better than 
at 25°C with a 2-point probe, the 


1 per cent 


specimens (0-1 x 0-50-95 cm) were wrapped in 
aluminum foil and irradiated at the Brookhaven 


National Laboratory pile as one unit at a flux of 


+ ~ er 


Fic. 1 


. Semi-log plot of resistivity in ohm-cm as a 
function 


of mobility in cm?/V-sec at 300°K for n-type 


silicon. 


approximately 4x 10!2 neutrons/cm?-sec for 
hours. Included also were pure GagO3 and AsgQsz, 
sealed separately in quartz tubes. These were used 
as comparative standards for the quantitative de- 
termination of the total impurity density of gallium 
and arsenic. The method using the gamma-ray 
scintillation spectrometer is well known?) and 
will not be reviewed here. 

Sb!*4 metal was irradiated in the pile at Brook- 
haven National Laboratory. A known quantity of 
the tracer element was added to a silicon melt 
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from which a crystal was grown. After pulling, a 


longitudinal slice was taken down the middle of 


the crystal and an autoradiogram of this section 
permitted visual inspection of the impurity dis- 
tribution. Horizontal slices from known points in 
the crystal were powdered and weighed quantities 
counted. Essentially the same techniques were used 
to measure the Sb!*4 concentration as those used 
by PEARSON, STRUTHERS and 'THEUERER*). Re- 
sistivity measurements were made on either the 


identical specimen before powdering or on bars 
cut from the corresponding half of the crystal. 


TREATMENT OF RESULTS 
Table 1 gives a summary of the results. For As, 
since Np, = m in the degenerate specimens, py 
can be calculated directly from equation (1) and 
the measured resistivity. These results are listed 
in Table 1, Column 6 and are shown on Fig. 1 as 


separate points. 


Table | 


p N4 or Np 


n or p Ionized 


Original Ionization Impurity Con- 


Dopant 


(ohm-cm) Si) 


‘00384 x 1019 
“00424 
‘00451 
‘00481 
‘00470 
‘00531 
00534 


— eRe eR HD DOD 
: e ° 


‘0239 
0251 
‘0261 
‘0262 


43 
‘179 
‘160 
155 
‘058 
0429 


NOK uu Sb 


‘0476 


0462 
0533 
‘0628 
‘0747 
0792 
‘0901 
‘0950 


20 ° x 1016 
‘90 

0-65 

0-47 


0-078 


‘039 
‘039 
‘039 
‘039 
‘038 


‘035 


‘070 
‘070 
‘069 
‘069 


‘059 


Resistivity | (Atoms Z*/cc | Energy (eV) centration 


(calc.) 


SIN NIN 


wo 
J 
MM Ww Uwe Nore SU W W 


MN NY Ww 
wun n 


“1 ox 


~l 
oo 
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The situation for the lower dopings of arsenic, 
antimony and gallium is more complicated. One 
must take into account the fact that at 25°C the im- 
purity atoms in these specimens may not be fully 
ionized. Using equation (2), it is possible to calcu- 
late degrees of ionization for given values of Ep 
and E 4 and given values of Np and Ny. Since 
n = Np, and p = Na 
determine the carrier dependence on Np and N 4 


for various values of Ep and E 4. The results of these 


, it is therefore possible to 


calculations are shown in Fig. 3. 


1 ohm-cm as a func- 


t 300 K for p- 


pen i-log plot ot?T 


bility in cm*/\ 


type silicon 


To apply the above to the specific examples of 
Table 1, 


values to employ. The variation of £4 and Ep with 


it is necessary to know what £4 or Ep 


acceptor and donor concentrations respectively 
has been determined for several dopings of As, Al, 
and B crystals. 3. 19, 14) Although these data are 


not as complete as might be desired, they enable 


2 


reasonable estimates of Ep and E.4 to be made tor 
each of the specimens in Table 1, and are recorded 
in Column 4. 

The conductivity mobilities calculated as above 


? 


appear as points in Figs. 1 and 2. These figures 


B 
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also contain values calculated from the published 
results of other investigators. These were obtained 
The Hall Morin and 
Maita®) at resistivities comparable to the Ga, As 


as follows. mobilities of 
and Sb specimens are recorded in Table 1, Column 
7. The average ratio of Hall to drift mobility for 
holes at 300°K is 0 73 while that for electrons is 
1-25. These calculated ratios agree fairly well, 
with the published values of Morin and Marra 
of 0.71 for holes and 1-18 for electrons at 300°K. 
A higher pyz/¢ ratio is calculated for the heavily 
doped arsenic specimens. For these data to fit the 
1-25 ratio, it is required that Morin and Maira’s 
Hall mobilities vary from 80 to 100 in the 0 0038 
to 0 0053 ohm-cm resistivity range. This is not 
unlikely since the width of their drawn curve 
covers twenty mobility units. Also the assumption 
that the energy the atom, 
arsenic, is equal to zero at the 10! doping level 


ionization of donor 
may not be entirely true. 

The Hall mobilities of other investigators®: 5 7 
have been converted to drift mobility using these 
calculated ratios. These data along with the pub- 
lished drift mobilities of Horn™ and Prince 
are plotted in Figs. 1 and 2 for m- and p-type 
silicon respectively as a function of resistivity in 
ohm-cm. 

BacKeNnsToss‘®) made use of radiotracer tech- 


niques and calculations similar to those used here. 


The mobilities that appear as separate points on 
Fig. 1 are calculated from his mp, curve in Fig. 1 
of his publication. His data fall to the right of 
the given curve and parallel it. Over the resistivity 
range 0-008 to 0-1 ohm-cm, his mobilities average 
25 per cent higher. The reason for this is not 
known. His hole mobilities have been omitted from 
Fig. 2 
bulk of published data. 

The procedure to convert carrier concentration 


since they are in disagreement with the 


obtained from resistivity measurements on doped 
Si into total impurity density, N.4 or Np, is a two- 
fold process. First, an ionization energy is de- 
termined either experimentally or from the 
literature. Secondly, the conversion into Np or N44 


is made by the solution of equations (2) or (3). 
DISCUSSION 


The heavily doped As specimens ( 
ionized 


1019 cm~) 


are considered completely and _ hence, 


Np Np. This seems, perhaps, contradictory to 
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Fig. 3. In effect, no contradiction exists since Fig. 
3 represents the solution of equation (2) using 
fixed values of Ep or E 4. In actuality, the ionization 
energy is an inverse function of the impurity con- 
centration as the slopes of Hall effect curves show. 
Hence, at an impurity concentration of 109 cm~°, 
the ionization energy is no longer 0 049 eV but is 
approaching zero. Impurity conduction is consid- 
ered negligible at room temperature for these 
specimens. 

Either equation (2) or (4) give identical solutions 
for concentrations of Np or N4 up to 101% cm 




















Corrier concentration, 
porn 
Fic. 3. Log-log plot of the relationship between p o1 
and Na or Np 3 at 300°K for p- and n-type 
silicon, respectively. The dashed lines are extrapolations 


in cm 


As the carrier concentration increases, the Fermi 


level approaches the conduction band, in the case 
the 
Here, the 


valid and 


of electrons, and degeneracy region is 


approached. classical approximation 


will not be Fermi statistics must be 


used. 

Equation (3) is limited further when a dilute 
solution of donor or acceptor atoms is considered 
as partially compensated. Taking Np = 4x 101° 
cm-8, the quadratic solution fails to distinguish 
between N4 = 0 and Ny 101 cm=3, 

The foregoing treatment of the Fermi statistics 
is based on the assumption that impurities of only 
one type were present. Compensation is con- 
sidered negligible. This is an ideal condition. 
When donors and acceptors are both present, the 
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situation must be solved graphically in order to 
get the correct result for m or p.) However, an 
approximation can be made by considering only 
the ionization of the excess impurity and treating 
it as if it were present alone. ‘The results obtained 
in this manner agree fairly well with the complete 
solution. For example, in a p-type silicon specimen 
with the donor concentration much smaller than 
N 4, little effect is found on the Fermi level and the 
degree of ionization of excess N4 over what would 
be observed if no donor were present. As the donor 
concentration approaches a value approximately 
equal to 0-15 the acceptor concentration, the effect 
is to shift the Fermi level and increase the degree 
of ionization of the excess N 4 approximately 2 per 
cent. When the donor concentration is 0:3, 0-5 or 
()7 the acceptor concentration, the ionization of 
the excess N44 is increased 5, 8 and 10 per cent, 
respectively. ‘The over-all effect of adding im- 
purities of both signs is one of increased ionization 
of the excess NV 4 or Vp. 

The Si crystals used in the present investigation 
contained approximately 10!8 cm im- 
purity. Itis not expected, however, that the results 


’ oxygen 


have been appreciably affected by oxygen since 


measurements by LoGaN) show that neutral 


scattering is only important at low temperatures 
and in the absence of ionized impurity scattering. 
Some comment on the use of the value 4 as 


opposed to the value 2 


for acceptor degeneracy 
might be made. Use of the value 2 would shift the 
points to the left as shown by the dashed curve of 
Fig. 2. The value 4 seems therefore favored when 


compared to the bulk of the published work. 
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Abstract—The apparent electrical conductivity of artificial sapphire was measured in 


7 
z 


acuo in the 


temperature range 900-1300°C; the potential probe method was used to eliminate effects of high 
contact resistance. Ohm’s law was not applicable, and the apparent conductivity was nonuniform. 
Polarization effects were prominent; e.g. large polarization voltages, anomalous potential distribu- 
tions and decays in current immediately after application of a voltage. It is suggested that these 
effects are due to electronic and ionic space charges resulting principally from impurities. 


1, INTRODUCTION 

PREVIOUS investigationst of both the d.c.@-® and 
the a.c.(7»8:9) electrical conductivity of artificial 
sapphire have been made mainly in air (also in 
nitrogen ,6) and in helium )) over the approximate 
temperature range 25-1500°C. Comparison of the 
results reveals considerable spread in conductivity 
and in activation energy. The divergence in con- 
ductivity is considerably reduced at high tempera- 
tures where the properties are less “structure- 
sensitive’. 

The discrepancies have been usually attributed 
to impurities. Nevertheless since specific con- 
ductivity apparently had not been measured (e.g. 
often and arbitrary fixed voltage was applied across 
the crystal) the values may have depended upon 
voltage, polarity and geometry, as observed by 
Srxorsk16), The conductivity was found to de- 
pend also upon gas ambient, impurities, crystal 
perfection, time and thermal and _ electrical 
history;®-®) only a slight dependence on crystal 
orientation was reported.) Polarization effects, 
e.g. current decays immediately after application 
or reversal of voltage, were observed by several 


researchers. 6,10) 


* Supported by the Office of Naval Research, Contract 
NOnr 1840(00). 
+ For a detailed review of this subject see Reference 


(1). 
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Since these measurements were made using the 
two-contact method, their meaningfulness in the 
absence of other information is questionable, for 
the resistance of the sample per se may be obscured 
by high contact resistance (ohmic contacts to in- 
sulators generally cannot be made). High contact 
resistance has been observed by FLorio®), and 
suggested by others. 9) 

The objective of the present work is to study the 
electrical conductivity of artificial sapphire in 
vacuo and at high temperatures by means of the 
potential probe method. ‘This method is advantage- 
ous since it provides for: (1) evaluation and elimin- 
ation of contact resistance; (2) investigation of the 
applicability of Ohm’s law and (3) voltage distribu- 
tion studies. The measurements were carried out 
in vacuo mainly because: (1) surface conduction 
due to adsorbed water vapor or other contaminants 
would be far less prone to occur than in air, and (2) 
previous experiments) showed large spurious 
currents due to electrical conduction by heated air. 
Little is known, however, of the effects of 7m vacuo 


heating. 


2. EXPERIMENTAL 


‘The experiments were carried out in an all-metal 
vacuum furnace.(1) Vacuum was produced by 
means of an oil diffusion pump; a maximum pres- 
sure of 10-® mm Hg was maintained. 
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Fig. 1 is a schematic diagram of the experi- 


mental arrangement. The heaters (9) consisted of 


four tungsten strips of 0-010 in. thickness arranged 
to form a cylindrical chamber 8 in. in length x 2 in. 
in diameter; temperature was obtained by resist- 
ance heating. Four sets of tungsten heat shields 
the heaters. 


(13) were situated concentric with 
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Schematic diagram of experimental arrangement 


Fic. 1 


for measuring conductivity. (1) Platinum 


contact to test specimen. (2) ‘Test specimen. (3) Sapphire 


electrical 


disk for separating lead wires to specimen. (4+) Sapphire 
rod for holding specimen. (5) Tungsten support rod. (6) 
Glazed alumina insulated feed-throughs. (7) Platinum 
lead wire to specimen (8) Ionization gauge. (Y) Tungsten 
heaters. (10) Sapphire window. (11) Water-cooled copper 


tubing for carrying heater current and supporting 
heaters. (12) ‘Tungsten heat shields. (13) Alumina evapor- 


ation shield 


ce conducting materials were evaporated from 
aters and condensed upon the sample (2), a 


non-porous, high-purity alumina tube 


(12) was 
employed as an evaporation shield. 

The sample holder (4) was fabricated from sap- 
phire to avoid contamination. A sapphire disk (3) 
at a much lower temperature than the specimen (2) 
was used to separate the lead wires (7) thus pre- 
venting shorting when the specimen was heated. 
Temperatures were measured with a Pt, Pt—10 
per cent Rh thermocouple spotwelded securely to 
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the specimen’s central contact (1). Since the dia- 
meter of each thermocouple wire was 0-002 in. 
heat loss by conduction along the wires was neg- 
ligible thus assuring correct temperature mea- 
surements. This was confirmed by optical pyro- 
metry, the results of which agreed within 1 per 
cent of the thermocouple measurements. ‘The tem- 
perature distribution along the specimen length 
was measured by means of three sets of thermo- 
couples and was found to be uniform with a devia- 
tion not greater than 1 per cent of the mean. 

The crystals (supplied by Linde Air Products) 
were 1-5 in. long and of circular cross-section with 
diameter 0-1 in. The total impurity content was 
stated by the manufacturer to be about 0-2 per 
cent and to consist mainly of the following: CaO, 
CroO3, GaeO3, CuO, Feo2O3, PhO, MgO, MngOg 
NiO, SigO3, NagO, AgeO and SnOs. 

The specimens first were cleaned in boiling 
aqua regia* and rinsed with distilled water. ‘This 
was followed by cleaning in a hot Alconox solution 
and another distilled water rinse. Then contacts 
were press-fitting platinum rings, 
0-0312 in. long x 0-140 in. 0.d., and the connecting 
electrodes, 0-002 in. diameter platinum wires, were 


made by 


spotwelded to the contacts. 

A d.c. voltage was maintained across the speci- 
men and was varied (from 0 to 100 V in both 
directions) by means of a potentiometer. Current 
through the specimen was measured with an RCA 
microammeter, Model WV-84A. Potential distri- 
bution was measured with a Keithley Model 200B 
d.c. vacuum tube voltmeter. 

Possible sources of electrical leakage within the 
furnace+ were investigated and were determined to 
be negligible with the exception of thermionic 
emission between the various specimen electrodes. 
This emission was selectively measured by in- 
troducing a true vacuum gap, in place of the sample 
as shown by the arrangement in Fig. 2. In order to 
minimize this parallel conduction the surface area 
of the exposed platinum electrodes was made as 


* Although impurities in the acid penetrate the crystal 
this contamination is removed upon subsequent high 
temperature treatment.(° 

+ For example referring to Fig. 1, thermal emission of 
electrons and ions from the heaters (9) to the specimen 
(2) and vice versa; conduction by the sapphire spacer (3) 
separating the lead wires (7) and conduction by the 
alumina insulation on the electrical feed throughs (6). 
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small as possible. The emission values obtained 
from several independent tests were fairly repro- 
ducible. 

The criterion for selecting acceptable data per- 
taining to conduction through the solid sample 
only was that the current measured with a test 
sample in position (c.f. Fig. 1) be about one order 
of magnitude greater than the maximum value of 











Fic. 2. Experimental arrangement for measuring 

thermionic emission from specimen electrodes. (1) 

Platinum contact. (2) Platinum lead. (3) Sapphire rods 

(4+) Sample holder. (5) Sapphire disk. (6) Heaters. (7) 
Evaporation shield. 


emission current through the gap observed at 
corresponding temperatures and voltages when the 
structure shown in Fig. 2 was used; the inaccuracy 
of the current measurements through the sample 
was thus arbitrarily limited to ~ 10 per cent. 
Although measurements were made on eleven 
sample sapphires, owing to the spurious currents 
acceptable data could be obtained for only three 
specimens having sufficiently low resistance. 

The three different specimens measured were 
derived from three crystals and their characteristics 
are given in Table 1. The specimens were heated 
in vacuo at 1400°C for several hours (this produced 
an excellent bond between the sapphire and the 
platinum contacts) and measurements were made 
as the temperature was lowered. 
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Table 1. Description 


Angle between 


Specimen Surface length and optic axis 
(degrees) 

matt (as grown) 60 

polished (flame) 0 


polished (flame) 0 


3} 
+ 
+ 
0:25 


STANCE FROM CATHODE IN 


05 


re) 7-7 50 25 50 


NCHES 


Fic. 3. Potential distribution of crystal II. (a) Initial 
result. (b) Obtained on reversing the polarity. Currents 


(a) 1-4x10-8 A. (b) 9-6 10-9 A. 


3. RESULTS 
3.1 Current-voltage relations 


Contact resistance as well as specimen homo- 


geneity were investigated by measuring the current 
and the potential distributions. Examples are given 


in Figs. 3 and 4, in which potential difference is 
plotted as a function of distance from the cathode. 
The presence of high contact resistance, as evid- 
enced by the large voltage drop across the platinum 
and the sapphire, will be noted; the major drop in 
voltage appeared across the anode, as shown. The 
dashed lines are drawn since it is assumed that the 
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drops occur across the platinum-sapphire inter- 
faces, rather than being distributed uniformly in 
the sapphire between the ends and the adjacent 
probes. This is reasonable since the phenomenon 
is probably due to (1) the contact potential barrier 
at the 


metal-insulator interface™2) or (2) the 


Fic. 4. Potential distribution of crystal III. (a) Initial 
result. (b) 
Obtained when the original restored. 
Currents (a) 4:5x10-9A. (b) 1°910-8 A. (c) 


4-710-9 A. 


Observed on increasing the voltage. (c) 


voltage was 


accumulation (or depletion) of charges at the elec- 
trodes ;“!*) the precise mechanism could not be con- 
clusively resolved through these experiments. It 
was estimated that at least 70 per cent of the ap- 
plied voltage drop appeared across the interface. 
Different sections of the same specimen were 
found to differ in conductivity by as much as two 
orders of magnitude; the heterogeneity was most 
The 


potential distributions shown by Fig. 3, in which 


pronounced at high voltages. anomalous 


the gradients are reversed are regarded as evidence 


of nonuniform charge as discussed in 
Section 4. 


Ohm’s law was not applicable since the electric 


space 


field within the sapphire was nonuniform, and the 
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current was not proportional to the potential be- 
tween probes as shown in Fig. 5; other examples of 
this type of plot display rectification and hysteresis. 


3.2 Polarization effects 

At each temperature the potential distributions 
along the specimens were measured immediately 
after switching off the applied voltage. Polarization 
voltages up to 18 V were detected along various 


AMPERES 


N 


x 


L-i9 


Fic. 5. Current vs. potential between probes for 


crystal IT. 


portions. In general, these potential distributions 
exhibited reversals in the gradient, and the polar- 
ization e.m.f. across the crystal was sometimes 
opposite to the polarity of the previously applied 
voltage. It was not possible to eliminate the 
polarization voltages by short-circuiting. Further- 
more, these voltages were found to persist for 
periods which were much greater than the time 
constant of the circuit. 

Another observed polarization effect was the 
rapid decay in current from a high initial value im- 
mediately after application of a voltage. (Under 
these circumstances the current was read after 
steady-state conditions had been established.) 
When the field was reversed rapidly the current 
would rise again to a high initial value and then 


decay. 


3.3 Temperature dependence 


““Conductivities”’ were calculated from the values 
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of current and probe potential between different 
known separations. As might be surmised the ap- 
parent conductivity lies within a considerable 
range of values depending upon the particular 
specimen (or portion), voltage and polarity used. 


Apparent conductivity values for the three speci- 

mens are summarized in Table 2. 

Table 2. Apparent conductivity of sapphire at 
various temperatures 


’ 


“Conductivity’ 
(mho/cm) 


‘Temperature 
(CC) 
10-8-10- 
1000 10-8-10-9 
1150 10-6 
1300 10-5 


900 


It will be noted that no range is given for the 
1150 and 1300° measurements. This was partly 
because only a few measurements could be made 
at these temperatures due to spurious emission 
currents. At sufficiently high temperatures, how- 
ever, the range would be expected to decrease 
substantially since the ‘‘conductivity” should be 


quite less “‘structure-sensitive’’. 


4. DISCUSSION 

These results are characterized by dielectric 
anomalies and polarization phenomena which, in 
effect, are indistinguishable from the ‘“‘conduc- 
tivity”. Although an abundance of theories and 
speculations* are to be found in the literature most 
of these appear to be either invalid or to be ir- 
relevant, and therefore only the well-known types 
of polarization 16 will be considered: (1) elec- 
tronic, (2) atomic, (3) dipole and (4) space-charge. 

Since electronic and atomic polarizations form 
instantaneously when voltage is applied and 

* For example, time changes in dielectric constant, 
condensation of charges, phase changes, and “‘channels’’ 
containing absorbed water; for a critical qualitative 
analysis of many of these proposals see Reference (14), 
Lectures VII-X. space-charge-limited 
currents owing to thermionic emission from the elec- 
trodes into the insulator?) are excluded since ohmic 


Furthermore, 


contacts are necessary and a calculation shows that lower 
temperatures and a smaller interelectrode distance would 


also be required. 
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disappear instantaneously when voltage is removed 
they are obviously unimportant here. Dipole polar- 
ization appears unlikely since there is no basis for 
assuming polar molecules to be present, and re- 
orientation is difficult at elevated temperatures. On 
the other hand the present observations bear a 
striking similarity in behavior to other insulators 
such as silica‘!4:17.18) and calcite,“4) which effects 
were apparently due to space-charge polarization, 
and we shall assume this mechanism to be applic- 
able also. 

‘The measurement of the potential distribution 
then affords a means for exploring the space-charge 
situation in different sections of the solid. Denoting 
the numbers of positive and negative charges per 
unit volume by m, and m_ respectively, we make use 
of Poisson’s equation which is valid for every sec- 
tion: 

4rre(n,.—n_) 
d2V |dx? ; 


where V is the potential measured at a distance x, 
e is the electronic charge, and e« is the dielectric 
constant. Thus, the shapes of the potential distri- 
butions shown in Figs. 3 and 4 can be interpreted 
in terms of combinations of excess charge con- 
centrations over various lengths.+ Since the probes 
are circumferential, these measurements alone can- 
not distinguish between surface and volume 
charge. The anomalous potential distributiont 
(Cf. Fig. 3) is indicative of charges of both signs, 
and is due to an alteration in the sign of the excess 
charge. 

It is suggested that these charges are electrons 
and cations (derived from impurities) because: (1) 
free electrons are to be expected at elevated tem- 
peratures; (2) preliminary Seebeck effect experi- 
ments!) the of mobile 
electrons; (3) alumina has been reported to be 
‘n-type’ ;(6,22) (4) alkali impurities are present, 


also indicate presence 


+ Strictly, one would infer from the rough shape of the 
potential distribution curves that space charge was 
accumulated in sheets, coincident with the position of the 
probes. Physically, however, this is very unlikely, and it 
is reasonable to assume a distribution of charges instead. 

t Potential distributions of this type have been ob- 
served also in SiOg''!4:!7) and indicated in BaTiO3.[9) 
MACDONALD(") has treated mathematically the case of 
two blocking electrodes and has obtained curves of 
potential vs. distance rather similar to those shown in 


this paper. 
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probably as ions;®*) (5) in view of its extremely 
high binding energy,@*) dissociation of AlgOg is 
unlikely; hence, the source of ions would be 
impurities. 

The nonuniformity of the potential distribution 
is the result of inhomogeneous conductivity. @*) 
30th the heterogeneity and the wide range in con- 
ductivity from one specimen to the next are prob- 
ably due to differences in impurity content. Owing 
to the wide spread in conductivity values, it was 
not possible to investigate anisotropy. 

The observed current decays can be accounted 
for as follows: Under the influence of temperature 
and electric field the charges move towards their 
opposite electrodes producing a high initial cur- 
rent. As the charges become stored in the neigh- 
borhood of the electrodes (or trapped within the 
crystal®)) turther passage of charge is impeded and 
current decays. Similar effects occur when the 
applied voltage is reversed. 

Although the preceding explanations are not 
unique, they seem to be the most plausible and can 
be supported by other work. For example, experi- 
ments by TuckKER and Gripes) and WANLAss and 


Gipss®”) suggest that impurity ions in sapphire are 


initially mobile, but that these can become trapped 


in the crystal; conduction by electrons also is in- 
dicated. Further, current transients and decays 
were observed in impure sapphire) and in poly- 
crystalline alumina®®) containing alkali impurities ; 
these effects disappeared when the impurities were 
removed. The presence of impurities, however, 
appears to be a necessary but not a sufficient con- 
dition for the production of such polarization 


effects, since under special conditions®® space 
charge would be negligible even in the presence of 


impurities. 
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Abstract—A technique is described for studying the adsorption of chlorine on evaporated films of 


nickel at chlorine pressures in the range 5 


10 3. 


10-§ mm Hg, together with measurement, by the 


diode method, of the surface potential of the adsorbed chlorine. Both at 20°C and —122°C adsorp- 
tion was very rapid up to monolayer coverage. No photoactivated adsorption was found. For pres- 
sures in excess of about 10~4mm Hg adsorption proceeded in excess of a monolayer and at higher 
coverages became time dependent. There is reasonable agreement between the experimental mono- 
layer capacity and that computed on the basis of dissociative adsorption and each adsorbed chlorine 


excluding nearest neighbour sites from participation. At low coverages (0 


A 0-1) the surface 


potential was positive and it is suggested that this was due to adsorbed chlorines lying below the 


average metal surface: mechanisms responsible for this are suggested. At higher coverages the 
surface potential became negative, the maximum excursion being about —1°6 V. On prolonged 


standing at room temperature or on baking at 300°C surface potentials moved in a positive direction 
and this is attributed, in the absence of desorption, to migration of nickel through the surface layer 
to the gas/solid interface, simultaneously producing a regenerated ability to adsorb chlorine 


1. INTRODUCTION 

IN THE very large amount of work which has been 
done on the adsorption of gases on metals the 
halogen gases have been very largely neglected. 
This is no doubt due to the expected difficulty of 
manipulative techniques rather than lack of in- 
trinsic interest, since in some ways, notably the 
improbability of any ion other than the species 
X-, one might expect the interpretation to be 
simpler than for (say) oxygen. The present paper 
describes the adsorption of chlorine gas on evapor- 
ated nickel film at 20°C and — 122°C, together with 
measurements of the surface potential due to the 
adsorbed chlorine. This is thought to be the first 
description of the adsorption of chlorine at very 
low pressures on a metal surface which had been 
rigorously cleaned by modern ultra-high vacuum 
techniques. 

The principal experimental problems which 
arise in the use of chlorine in chemisorption 
studies are (a) a pressure gauge for the region 
5 x 10-3-10-® mm Hg which is inert to chlorine 
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and satisfactory for inclusion in an ultra-high 
vacuum system, (b) valves suitable both for ultra- 
high vacua and for chlorine manipulation below 
5 x 10-3 mm Hg, (c) a method for the purification 
of chlorine and for its introduction in small known 
amounts. These problems have been overcome by 


techniques which are to be described in detail. 


2. EXPERIMENTAL 

(i) Apparatus 

After a great deal of preliminary experiment the 
apparatus finally adopted is shown schematically in 
Fig. 2. In the preparation of clean films the effici- 
ent removal of gas traces during evaporation re- 
quires a high pumping speed together with an 
ultra-high ultimate vacuum and this was achieved 
by a 1} in. single-stage mercury vapour pump of a 
design due to POLLARD,* which, requiring for best 
operation a backing pressure of 10-3 mm Hg, was 


* Services Electronics Research Laboratory, Baldock, 


England. 
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backed by a standard 1 in. two-stage mercury 
vapour pump and finally by a rotary pump. In 
practice micromol amounts of chlorine can be 
pumped away without causing appreciable fouling 
of the diffusion pumps or corrosion of the mechan- 
ical pump provided the latter is immediately 
purged with air (the “Speedivac’” 25C30A incor- 


porates a device for doing this easily). 


o 


Fic. 2 


All of the system enclosed by the dotted line in 
Fig. 2 could be baked to 400°C by a demountable 
furnace while the pumping line L;, the chlorine 
introduction line L» up to the breakable seal B and 
the trap H; could also be baked. The surface of the 
adsorption cell A onto which the nickel was to be 
deposited was baked to about 470°C using a small 
auxiliary furnace within the main one. ‘This was 
done because of the risk of damaging the complex 
glassware in the rest of the system at temperatures 
above 400°C. In the adsorption cell A (Figs. 2 and 
3) diode filament Fy; was of 0-1mm diameter 
tungsten wire spot-welded to short lengths of 0-5 
mm diameter pure nickel wire. The evaporation 
filament Fo was 0-5 mm nickel wire 
(JOHNSON and MatTTHey; spectroscopically stand- 
ardized, impurities Fe 5, $i3, Ca2, Cul parts per 
10®) which had been further purified by vacuum 


diameter 


ANDERSON 


evaporation of about 5 per cent of its weight. Both 
filaments were held in small molybdenum clips. 
Electrical connexions to the film were made at C 
using small pieces of platinum foil as described 
by GomER”), 

The electric circuit used in making diode mea- 
surements is shown in Fig. 3. The potentiometer 
P; and the reversing switch S; were used to select 


of liquid air 


> and pumps 


Adsorption apparatus and chlorine handling system. 


the effective electrical mid-point of the filament 
F,. Since the evaporation filament lies between Fy 
and the film (anode) it may act as a space charge 
control grid: if allowed to float it charges up ir- 
reproducibly. Its presence was rendered inocuous 
by connecting it to the anode through a 2x 10? 
resistance. From the J/F diode curves the effective 
diode resistance was estimated to be in the range 
()-2—1 x 10°Q so that the fraction of current col- 
lected by Fo was negligible. Further, with this 
arrangement the plate current was negligibly affec- 
ted by changes in the contact potential of F2 with 
respect to F; due to chlorine adsorption on Fo. 
Pressures were measured by the vibrating fibre 
gauges G, and Gg, the construction and operation 
of which have been described by ANDERSON®). The 
only modifications were that by using a quartz sail 
of thickness 1-5 in Gj, by allowing up to 6 min for 





Fic. 1. General view of adsorption apparatus, partly painted with “‘Aquadag’’. 
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a measurement and by using the extra sensitivity 


offered by the greater molecular weight of chlor- 
ine, the lower limit of pressure measurement was 
reduced to about 2 x 10-6 mm Hg. The uncertainty 
on the pressure measurements is estimated at 
+20 per cent in the range 2-5 x 10-8; +10 per 
cent, 5-10x10-§; +5 per cent, 10-5-5x 10-3 
mm Hg. 


0-200 “A 


in 3 ranges 
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cent and the uncertainty thus introduced is esti- 
mated not to exceed +2 per cent. Initially, an all 
metal valve of design due to ALPERT) was tried in 
place of Tj, but this was abandoned because the 
metal, particularly the copper tubing, adsorbed an 
enormous amount of chlorine. 

The volumes of Sections 1 and 2 of the ap- 
paratus cut off by the valves T) and Ty» (Fig. 2) 


Fic. 3. Adsorption vessel and diode circuit 


The valves T) and Ts were similar to the design 
of DecKER®). Although the ball and socket mating 
surfaces were very lightly polished to reduce 
further the leak rate appreciable leakage occurred 
when closed, and it was necessary to measure the 
leak rates accurately so that corrections could be 
made. This was done 7m situ using the McLeod 
gauge at air pressures below 10-* mm Hg where 
the molecular flow assumption is valid. ‘The mea- 
sured leak rates were 4-5 and 10-2 per cent hr7! 
1-1 for T, and T2 respectively, so that, since the 
leak rate is proportional to (mol. wt.)~!/* the 
corresponding values in chlorine are 2-9 and 6-5 
per cent hr! ],~1, In these units the leak rate is in- 
dependent of pressure in the molecular flow 
region. All the results given in this paper have been 
corrected for gas lost by valve leakage. ‘The magni- 
tude of the corrections did not exceed about 15 per 


T 


were estimated by gas expansion using the McLeod 
gauge. These values are given below together with 
the corresponding apparent surface area of glass 
wall exposed to the gas in each section, estimated 


by direct measurement. 


; Apparent surface 
Volume 


area 
(ml) 


Section 
(cm?) 


460 550 
1470 1800 


In order to look for photoactivated adsorption 


processes extraneous light was eliminated from the 
adsorption system by (a) painting all external glass 





294 


surfaces in Sections 1 and 2 with ‘‘Aquadag’’, ex- 
cept the windows in G; and Gg and in the im- 
mediate vicinity of tungsten/glass seals being used 
as electrical leads, (b) carrying out adsorption runs 
in a dimmed room and (c) using a Wratten N°. 88A 
infra-red filter for gauge illumination in place of 
the more usual Wratten N°. 29. 

Figure 2 also shows the apparatus used for the 
purification and introduction of chlorine. This 
system was evacuated by a two-stage Apiezon-oil 
diffusion pump which is here superior to a mer- 
cury diffusion pump since it is self-purifying after 
modest chlorine contamination. Ground-glass 
joints and taps were lubricated with fluorocarbon 
grease (““Florube” grease A, Imperial Chemical 
Industries). Chlorine was taken from a cylinder, 
purified by fractionation from cold traps retaining 
in each case the middle third and stored frozen 
down in a vessel C to which was attached an all- 
glass spiral manometer N. Because of the neces- 
sity of avoiding contamination, only all-metal taps 
M were used on the chlorine storage vessel and the 
chlorine sample introductor I. The latter consisted 
of two metal taps hard-soldered back to-back en- 
closing a volume 1-:150+0-005 ml, measured by 
filling with water before mounting. All the metal 
taps were ““Hoke’’, type A434, designated “helium 
leak tested at seat’’ and were directly hard soldered 
to kovar/glass seals. 

Chlorine was fed to the introductor at a known 
pressure obtained by controlling the temperature 
of the reservoir to about — 122°C using a slurry of 
molten 2-propyl alcohol to provide a large thermal 
sink. The molten slurry was contained in a vacuum 
flask in which was immersed a heavy steel block 
with a hole bored in the centre to admit the tube of 
the chlorine reservoir and the thermocouple, 
efficient thermal contact being made with ethyl 
alcohol. Occasionally, down to 
136°C were obtained for periods up to 20 min by 


temperatures 


further cooling with small amounts of liquid air. 
With 
couple the temperature was known to +0-2°C and 
the per 
cent. Chlorine pressures were computed from the 


the calibrated copper—constantan thermo- 


thus chlorine pressure to about +3 


vapour pressure data recommended by MELLOR®). 
Under these conditions the chlorine doses were 
taken from the reservoir at about 0-1—-1-0 mm Hg, 
a pressure sufficiently great for contamination due 
the walls of the unbaked 


to desorption from 
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gas-handling system to be negligible. The metal 
valves in the doser were highly reliable and even 
after months of use involving several hundred 
closures showed no signs of leakage. 


(11) Procedure 

(a) Vacuum technique and film preparation. 'The 
entire system including L;, H; and Lg was baked at 
400°C for two days while A was raised to 470°C. 
H; was then cooled in liquid air and baking con- 
tinued for a further day, for the last 5-6 hr of 
which the filaments were outgassed, F; at 1-8 A 


Film area, 











Film weight, mg 


Fic. 4. Weight/area curve for nickel films. 


and F2 at 4-2 A. The quality of the vacuum was 
checked with the ALPERT) ionization gauge D and 
8 mm Hg. After 
dismantling the main furnace trap He was cooled 
in liquid air and the nickel film deposited with an 
A, with Fs at 6:2 A for about 


after baking was better than 10 


ice-bath around 
15 min. 
Film weights were in the range 3-5—5:5 mg and 
g g 


were determined from the weight loss of the eva- 


poration filament or by gravimetric estimation as 
nickel dimethylglyoxime. From the film weights 
film areas were estimated using a calibration curve, 


shown in Fig. 4, which was constructed from data 
obtained in a separate set of experiments in which 
surface areas were measured by hydrogen adsorp- 


2 


tion at 193°C, assuming a monolayer at 10-? 
mm Hg. 

(b) Diode measurement. Immediately after de- 
positing the film F, was flashed at 1-6 A (2570°C) 
to remove traces of nickel and a plot of plate volt- 


age (E, —3-+6 V) vs. plate current (/) made with 
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the filament current at 1:52+0-01 A (2495°C) 
where the filament temperatures have been 
estimated from the data of JoNEs and LANGMUIR“), 
Diode measurements after chlorine adsorption 
were made using an exactly similar technique, 
starting with flashing at 1-6 A to remove adsorbed 
chlorine. However, no diode measurements were 
attempted unless the pressure was < 10-6 mm Hg 
since it was found that the heated tungsten fila- 
ment in the presence of a nickel film was a very 





p K 


Fic. 5. Adsorption 
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(c) Chlorine adsorption technique. Immediately 
before use the stored chlorine was outgassed by re- 
peated freezing and pumping: it was found difficult 
to remove the last traces of dissolved air. The tube 
leading to B was several times swept out with 
chlorine at about 0:2 mm Hg, pumped hard, the 
seal B smashed and chlorine samples admitted. At 
the end of an experiment the residual gas was 
checked by freezing down in the side-arm S to be 
certain of the absence of air contamination. 


4 


nm Hg 


chlorine on_ nickel. 


@ at 20°C 
at —122°C 


efficient remover of chlorine. For instance, making 
a set of diode measurements reduced the chlorine 
pressure from 6:9x 10-3 to below 10-§ mm Hg. 
With the filament temperature 2495°C this clean- 
up cannot be due to the formation of WClg, since 
LANGMuIR®) has shown that at this temperature 
this reaction is negligible, but there is rapid thermal 
dissociation to chlorine atoms which are trapped 
on a cold metal surface. It was here confirmed that 
in the absence of a nickel film the clean-up was 


very small. Consequently, where necessary, chlor- 


ine was removed from the gas phase before diode 
measurement either by freezing down with liquid 
air in the side-arm S or by pumping. 


3. RESULTS 

(i) Adsorption isotherms for chlorine on nickel 

In obtaining isotherms on nickel correction had 
to be made for adsorption on the glass. This was 
done (a) by taking the difference between iso- 
therms in the absence and in the presence of the 
nickel and (b) for the region above 10-> mm Hg, 
first admitting chlorine to the volume contained 
between valves 'T; and Ts: after adsorption on this 
glass surface was complete, T was opened and the 
further adsorption due largely to the metal film was 
measured. It is estimated then that throughout an 
experiment 'T') was shut against a mean chlorine 
pressure of about 10-4 mm Hg for 20 min, in which 
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time about 10/4 molecules of chlorine would have 
leaked into A. This is less than 0-1 per cent of the 
amount required to give monolayer coverage on the 
nickel and can be neglected. This glass correction 
was insignificant below 8 x 10-§ mm Hg 
while above 10-4 mm Hg it resulted in an estimated 


about 


uncertainty of 
chlorine adsorbed by the nickel. 
Figure 5 shows adsorption isotherms at 20°C and 
122°C. The for —122°C 
have been corrected for thermomolecular flow.) 
At each temperature the isotherm is a combination 


pressures recorded 


from two separate experiments: at 20°C the film 
weights were 5-38 and 3-74 mg, while at iZzC 
the weights were 4-94 and 4:10 mg. The conven- 
tion will be adopted that Nc, and mc, refer re- 
spectively to the equivalent number of chlorine 
molecules adsorbed on a given film and to the 
equivalent number of adsorbed chlorine molecules 
per cm®*. For all pressures in Fig. 5 up to about 
3x10 
and no slow process was observed over periods of 
1 hi 
lengths below 7400 A. However, at higher pres- 


sures a slow uptake of chlorine was found and the 


‘mm Hg equilibrium was attained rapidly 


even in the absence of radiation of wave- 


construction of an equilibrium isotherm becomes 
very uncertain. Consequently, in Fig. 5 points in 
this region have been included merely to illustrate 
the general trend and the attached arrows indicate 
the direction in which they shift in slow progress 
towards adsorption equilibrium. 

The irreversibility of this adsorption at 20°C 
was shown for an equilibrium pressure of 4-0 x 10~4 
mm Hg by cooling the side-arm 5 in liquid air 
for 15 min, closing valve T and then warming S to 
room temperature when the chlorine pressure Was 
4-7 x 10-4 mm Hg, the increase being due, within 
experimental error, only to the removal of chlorine 
from the gas phase of the adsorption cell. Further- 
more, on heating to 300°C for 2 hr a nickel film 
(5.38 mg) which had come to (apparent) equilib- 
rium at 20°C with po, 5-9x10-4mm Hg and 
No, 60 x 1016 molecules, the maximum pressure 
increase of 1 x 10-4 mm Hg corresponds to the de- 
sorption of less than 1 per cent of the adsorbed 
chlorine: moreover, much of the desorbed chlorine 
probably came from some of the glass of the ad- 
sorption cell which was also heated so that under 
these conditions of heating the quantity of chlorine 


desorbed from the nickel is negligible. 


+20 per cent in the quantity of 
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(ii) Surface potential measurement 

Typical diode curves are shown in Fig. 6 for a 
clean nickel surface and for the adsorption of in- 
creasing amounts of chlorine. The surface poten- 
tial, measured as the voltage shift between the 
curves, taking the clean surface as reference, is 
defined to be equal in magnitude and opposite in 
sign to the change in work function, and may be 
obtained with an accuracy of about +0-02 V. A 
plot of surface potential S against nc), is given in 


Diode current (J) vs. diode voltage (/): curve 
5-38 mg; curves (2) and (3), after 
1015 and 5:-4x1016 mole- 


flooding for 3 min with 


FIG 6 
(1), clean nickel, 
adsorbing respectively 4:0 
20°C: after 
chlorine at 7°5 « 10 


cules at curve 4, 


>mm Hg 


Fig. 7 which combines the results from two expert- 
122°C. In Fig. 7 the 
1-65 V represents 


ments at 20°C and one at 
shaded region in the vicinity of 
the immediate values of S obtained in two separate 
experiments at 20°C and one at —122°C by 
the film with chlorine at 7:5 ~x 10-3, 
and 10-2 mm Hg for 3 min, followed by 


flooding 
5x10-° 
pumping at room temperature for 5—25 min, during 


which S was constant. For nc), equal to 2-8 x 1014 
molecules cm~2 S was time dependent at 20°C: a 
1-0 V was obtained 15 min after the 
0-8 V in 45 min, 
during which pc), was constant at 5 x 10-6 mm Hg. 
This did not occur at 122°C. When the film, 
which had been flooded at 20°C with chlorine at 
7°5x 10-3 mm Hg, stood at 20°C on the pumps for 
16 hr S moved from —1-63 V to —1:29 V. A slow 
1-49 V towards —1-29 V also occurred 


value of 
adsorption and this decayed to 


shift from 
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on standing at 20°C | 


mol. cm @ 


Fic. 7. Dependence of surface potential (S) on chlorine coverage (nci,). 


Points (@) for adsorption at 20°C; points ( 


on standing on the pumps at 20°C for two films 
with NC, equal to 9-8 and 11-8x 10 molecules 
cm-2, Vacuum baking of the film, flooded at 20°C, 
for 12 hr at 300°C to 5x 10-2 mm Hg caused S to 
shift back from —1-66V to —1-05V. Adsorption at 
20°C on such a baked film (weight 4-70 mg, but 
area uncertain due to sintering) of 42 x 10/6 mole- 
cules, a slow process leaving in the gas phase after 
14 hr a residual pressure of 2 x 10-4 mm Hg, re- 
turned S to —1°5o V. 


(iii) Change in electrical resistance of nickel film 


The change in resistance R of a light nickel film 
due to chlorine adsorption was measured at 20°C, 
mainly to confirm that adsorption proceeds well 


Hag 
y 


Fic. 8. Dependence of electrical resistance (R) of thin 
nickel film on chlorine pressure (fc1,) 


) for adsorption at —122°C. 


beyond a monolayer at values of pc), in excess of 
about 10-4 mm Hg. The film, which had an initial 
resistance between electrodes C (Fig. 2) of 120Q 
compared with about 4Q for a normal film, was of 
uneven thickness and most of the resistance ap- 
peared to be due to a local thin patch near one of 
the electrodes. The variation of R with pc), is 
shown in Fig. 8, in which the value of R obtained 
after flooding the film with pc), at about 1 mm Hg 
was taken after about 17 hr and was constant. 


4. DISCUSSION 
(i) Adsorption measurements 
It seems most reasonable to suppose that ad- 
sorption sites on the nickel surface will be ‘‘crystal- 
lographic”’ positions rather than directly above in- 
dividual nickel atoms, and further that on the [111] 
plane the relevant crystallographic sites will be 


, 


those below which lie nickel atoms belonging to 
the second nickel layer, since, for instance, a 
chloride ion on such a site would be adjacent to the 
greatest number of nickel atoms. Adsorption as a 
‘crystallographic’’ 


‘ 


covalently bound Cl atom on a 
site would require a number of resonating bonds 
(c.f. WINFIELD”®9)), The covalent diameter of a Cl 
atom is about 3-2 A, while the diameter of Cl- is 
3-62 A. Both of these values are sufficiently large 
that adsorption either as an ion or a covalently 
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bound atom on a site on the [111], [100] and 
[110] faces of nickel will exclude all nearest- 
neighbour sites from participation in the adsorp- 
tion process. This is shown in Fig. 9 in which the 


Fic. 9. Adsorption on surface crystallographic sites of 

nickel, of chlorine atoms (shaded circles) or chloride ions 

(broken circles). (a) [111] face; (b) [100] face; (c) [110] 
face 

nickel atoms (diameter 2:49 A) and adsorbed 

chlorines are drawn to scale. Thus on the [111] 

and [100] planes only 4 of the total number of sites 


can be filled (c.f. RoBerts“!)) so that on these 
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planes may be adsorbed a maximum of 7-16 x 1014 
atoms or ions cm~2. On the [110] plane } of the 
total number of sites may be filled, leading to a 
maximum of 5-5 x 10!4 atoms or ion cm~?, Assum- 
ing that these three planes, having the lowest 
energies, appear equally, the maximum number of 
surface sites which may be occupied in the primary 
adsorbed layer is 6-6 x 10!4 cm~?, so that the com- 
puted figure for mc, for monolayer coverage is 
3-3 x 1014 molecules cm-2. This agrees well with 
the value of 3 x 1014 molecules cm~? for that nc, 
for which was first observed an appreciable equili- 
brium pressure of chlorine (c.f. Fig. 5). The agree- 
ment here also confirms the hypothesis that under 
these conditions chlorine is adsorbed dissociatively 
on nickel. 

Since adsorption in the region less than a mono- 
layer coverage (0 < @ < 1) occurred as rapidly at 
—122°C as at 20°C any activation energy for this 
process must be small (probably less than 3 kcal 
mole~!). Unfortunately, the vapour pressure of 
chlorine at liquid air temperature is so low (esti- 
mated to be about 10-9 mm Hg) that direct ad- 
sorption measurements at this temperature are not 
possible. 

It is clear both from Figs. 5 and 8 that at pres- 
sures in excess of about 10-4 mm Hg adsorption 
proceeds to depths greater than a monolayer, and 
this occurs both at 20°C and —122°C, although 
there is a tendency for it to occur the more ex- 
tensively at the higher temperature. This be- 
haviour of chlorine is similar to that of oxygen, ad- 
sorption of which on nickel also proceeds to depths 
in excess of a monolayer. ‘!?-!%) 

By extrapolation of the data for pure nickel 
chloride,“4) it is estimated that at 300°C the 
vapour pressure is less than 10-8 mm Hg, a value 
sufficiently low that loss of nickel chloride by direct 
evaporation during baking at this temperature can 
be neglected. Furthermore, since bulk nickel chlor- 
ide has a layer lattice structure it is possible that 
nickel could be between the 
chloride planes, so reducing the volatility even 
further. (The modification of nickel chloride by the 
introduction of excess nickel is currently being 
studied in this laboratory.) ‘Thus the regenerated 
ability to adsorb more chlorine resulting from 
baking or prolonged standing at room temperature 
must be due to the diffusion of nickel to the gas 
chloride interface where it provides fresh adsorption 


accommodated 
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sites. This nickel probably diffuses as ions 
which move in the field gradient generated across 
the surface layer by chloride ions adsorbed at the 
gas/chloride interface. Moreover, because of the 
comparatively large size of the chloride ion this 
migration is expected to be relatively easy. This 
mechanism is supported by the surface potential 
results (vide infra). If one assumes that the thick 
chloride layer has the same density as that of bulk 
nickel chloride (3-55 g cm~*) it is estimated that at 
chlorine pressures in the range 1-5 x 10-3 mm Hg 
and 7), at least 18 x 10!4 molecules cm~? (cf. Fig. 
5), the surface layer is at least 15 A thick. The 
formation and structure of thick layers will be dis- 
cussed in a subsequent paper. 


(ii) Surface potentials 

If the resistance of the adsorbed film to the 
passage of plate current of the diode becomes ap- 
preciable compared to the space-charge limited 
resistance a shift in the diode characteristic curve 
will result and a spurious surface potential will be 
observed. For the voltage shift to equal the true 
surface potential the diode characteristic curves 
must be super-imposable over their entire length 
simply by translation along the voltage axis. Also 
the slopes for any given plate current are all equal 
and determined solely by the space-charge limited 
resistance. In the present work care was always 
taken to ensure that surface potentials were ob- 
tained from curves for which this criterion was met 
(cf. curves 1, 2, 3, 4 in Fig. 6). 

For an array of surface dipoles of moment 4 
perpendicular to a plane surface, the surface poten- 
tial S is given by 

| S| = 47n\y| (1) 


where 7 is the number of dipoles per cm? (for a dis- 
cussion of the validity of equation (1) cf. M1GNo- 
LET“95)), When the surface is non-planar it is readily 
shown by summing the vertical component of all 
the moments that S is still given by equation (1) 
provided m is the number of surface dipoles per 
cm? of actual surface. Values of u so calculated are 
plotted in Fig. 10 for the region less than a mono- 
layer coverage (9 < 1) on the assumption that the 
number of surface dipoles equals 2 x mc ,. Since 
the films were of surface area in the region 400 


cm? and were deposited over a glass surface of 


apparent area about 160 cm? the roughness factor 
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of the films was only ~ 2-5 so that the proportion 
of nickel surface originating in deep crevices and 
capillaries was probably small and it seems a rea- 
sonable approximation to treat the roughness on a 
“hill and valley” model. The positive values of S 
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Fic. 10. Variation of surface dipole moment (yu) with 

relative coverage (#). The convention is adopted that 

positive and negative values of « correspond respectively 
to positive and negative values of S. 


in the range 0 < @ < 0-1 are analogous to the posi- 
tive surface potentials observed in the nickel- 
oxygen system,@6 and to the increased photo- 
emission known in systems such as potassium 


oxygen?) to persist at 6 = 1 and above, and 
ascribable to the presence of a layer of potassium 
atoms on top of the oxygen. On heavily covered 


surfaces the uppermost layer of metal atoms or 
ions is produced by diffusion from the metal sub- 
the existence on the 
Ni 
surface of discrete units of the type 
Cl 
likely because such a nickel atom is not in a rational 
crystallographic position. Positive values for sur- 
face potentials resulting from the physical adsorp- 
tion of a number of gases on nickel have been ob- 
served by MiGno.et"8), However, it seems un- 
likely that the positive surface potentials recorded 
in the present paper are in any way related to 
MIGNOLET’s observations since, in the present case, 


strate. However for 6 < 1 


seems un- 


the positive values were found at very low cover- 
ages where the equilibrium chlorine pressure was 
< 10-6 mm Hg and the degree of surface coverage 
by physically adsorbed chlorine molecules would 
on any reasonable estimate of the heat of physical 
adsorption (< 12 kcal/mole) be negligible. It is 
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suggested that those positive values of S found at 
low coverages both in the present work and in the 
nickel-oxygen system "® are caused by the pre- 
sence of adsorbed atoms or ions which lie below 
the average surface of the nickel, thus polarizing 
those nickel atoms which lie above and producing a 
dipole oriented positive outwards. ‘Two processes 
leading to such a state seem possible: (i) the ad- 
atoms are adsorbed at the bottom of small cavities 
which are initially present in the surface, and (ii) 
the field in the vicinity of an adatom causes some 
surface nickel atoms to migrate towards it where 
they “stack up” around it. It is, at present, not 
possible to make a firm decision in favour of either 
(i) or (ii); indeed it is possible that both may occur. 
It should be remarked, however, that mechanism 
(ii) which, in effect, would extend the mechanism 
for the production of positive surface potentials by 
a diffusion process into the low coverage region, 


may not be as improbable as it may at first sight 


appear. KLEMPERER and STONE") have found that 


at room temperature the act of oxygen chemisorp- 
tion on nickel films caused sintering with an area 
reduction of about 30 per cent: such sintering 
almost certainly requires the extensive mobility of 
surface nickel atoms and is probably assisted by the 
liberation of the heat of adsorption. Nevertheless, 
these proposed mechanisms should te regarded as 
tentative and require confirmation by more quanti- 
tative or more direct evidence: it would be inter- 
esting if the latter could be obtained from field- 
emission microscopy. 

The interpretation to be given to S, as measured 
by the diode method, for layers in excess of mono- 
layer thickness requires elaboration. ‘The overall 
value of S for the system metal—semiconductor 
gas will, provided the thickness of the semiconduct- 
ing layer exceeds a certain limiting value, be made 
up from two contributions originating at (i) the 
metal/semiconductor interface and (ii) the semi- 
conductor/gas interface. At (i) there will be a 
phase-boundary potential established which, if the 
semiconductor is m-type and the donor level lies 
above the highest occupied level in the metal, will 
result from the transfer of electrons from the donor 
centres to the conduction band of the metal so 
At (ii) 


there will be a phase-boundary potential caused by 


generating a positive contribution to S. 


the presence of adsorbed ions which will induce a 


space charge in the semiconductor. The total S 
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will be due to the combination of these two con- 
tributions: if we assume that negative chloride ions 
are adsorbed at a chloride/gas interface this situa- 
tion may be represented at Fig. 11(a). However, if 
the semiconducting layer is of insufficient thickness 
these two dipolar layers cannot be treated separ- 
ately and the limiting situation is shown in Fig. 


11(b) where the adsorbed ions induce a space 














Fic. 11. Schematic representation of the origin of surface 
potentials for nickel covered with (a) a thick and (b) a 


thin layer of ‘“‘nickel chloride’’. 


charge in the metal across the thickness of the 
layer. The limiting thickness below which Fig. 
11(b) is applicable is estimated at about 100 A 
(cf. Morr and GurNEY®°)) so that the present case 
probably is_ best ' 11(b). 
Nevertheless, whichever model is adopted, once 


represented by Fig. 
the layer has been established changes in S will be 
caused mainly by changes in the effective concen- 
tration of ions adsorbed at the chloride/gas 
interface. 

For a heavily covered surface the shift of S in a 
positive direction on prolonged standing at room 
temperature or, more effectively, by baking at 
300°C is attributable to the diffusion of nickel to 
the chloride/gas interface with the consequont 
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incorporation of some of the adsorbed chlorine into 
the lattice of the “nickel chloride” layer. This 
process is reversible in the sense that the more 
negative S could be restored by further chlorine 
adsorption: it must be concluded however that 
only a small proportion of the chlorine thus ad- 
sorbed yields ions so situated as to be responsible 
for the restoration of the surface potential. For 
instance, of the 42x 1016 chlorine molecules ad- 
sorbed in the process of restoring S from the baked 
value of —1-05 V to —1:-5 V, it is easily computed 
using an expression analogous to equation (1) that, 
assuming the electric double layer is established 
across a chloride layer of thickness 15 A and di- 
electric constant ~ 10 (cf. Fig. 11b) and that an 
adsorbed ion carries unit electronic charge, only 
about 1 per cent of this adsorbed chlorine exists as 
adsorbed ions. One must conclude that the re- 
mainder of the adsorbed chlorine is built into the 
regular lattice of the chloride layer by the simul- 
taneous diffusion of nickel from the metal sub- 
strate. Indeed, a similar calculation leads to the 
conclusion that with such an adsorbed layer the 
maximum excursion of SS to about —1-65 V can be 
accounted for by the presence of only about 
6x 1018 ions cm~? adsorbed at the chloride/gas 
interface. 

The value of 0-35D for the surface dipole 
moment (j) of an adsorbed chlorine in the range 
0-3 < 6 < 1 would mean that if the chlorine were 
adsorbed on a plane metal surface (that is, if 
“piling up” of nickel atoms did not occur) the 
chlorine-metal bond would be predominantly 
covalent in character. However, since in the above 
range of 6 the adsorbed chlorine is considered to be 
still partly buried the effective length of the surface 
dipole may be sufficiently small to give » = 0-35D 
for a chlorine adsorbed as an ion. It seems clear 
that surface potential measurements can only give 
valid quantitative information about the surface 
bond character when the precise geometry of the 
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adatom and its adsorption site are known and this 
may require that the immobility of the surface 
metal atoms be ensured. 
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UBER 
ELEKTRISCHE 


DAS AIP 


DARSTELLUNG, UND OPTISCHE EIGENSCHAFTEN 


H. G. GRIMMEISS, W. KISCHIO und A. RABENAU 
Zentrallaboratorium der Allgemeinen Deutschen Philips Industrie G.m.b.H., Laboratorium Aachen 
(Received 18 December 1959; revised 12 April 1960) 


werden verschiedene Darstellungsmethoden AIP-Kristallen und 


Remissions- und Durchlassigkeitsmessungen ergaben fiir A-P einen 


Zusammenfassung — Es von 
deren Dotierung beschrieben 
Bandabstand von 2,42 eV bei 20°C. Undotierte Kristalle zeigen Elektrolumineszenz mit Maxima 
bei 5550 A und 6150 A. Es wird angenommen, dass die Elektrolumineszenz durch Rekombination 
von Ladungstragern innerhalb von p—n-Ubergangen zustandekommt. Das Maximum der Photo- 
lumineszenz liegt bei 6100 A. Diese Ergebnisse gestatten zusammen mit Leitfahigkeitsmessungen 
die Angabe eines Termschemas. Weiterhin zeigen die Kristalle Gleichrichtung und p—n-Photo- 
effekt, sowie Photoleitung mit einem Maximum zwischen 5000 und 5150 A. 
Abstract—Methods of preparation and doping of AIP crystals are described. By measuring the 
reflectivity and transmission, the band gap of AIP was found to be 2:42 eV at 20°C. Undoped crystals 
show electroluminescence in bands at 5550 and 6150 A. The electroluminescénce is shown to be due 
to recombination of charge carriers injected from p—n-junctions. The peak of the photoluminescence 
is found at 6100 A. Together with conductivity measurements these results suggest a band picture 
for undoped AIP. Furthermore, the crystals exhibit point contact rectification and photo-voltaic 
effects. The peak of the photo conductivity is found between 5000 and 5150 A. 


1. PRAPARATIVER TEIL 
UNTER I1]-V-Verbindungen 
blendestruktur hat das AIP bisher wenig 
tung gefunden. Die dafiir 
zuletzt priparativer Art. Nach einer Ubersicht 


1250°C untragbar 
klein ist. Diese Schwierigkeit liess sich durch den 


Arbeitstemperatur von etwa 
Zink- 


3each- 


den mit 
Ubergang auf Materialien, die das Arbeiten bei 
Ver- 
wendet wurde ein einseitig geschlossenes Korund- 


Griinde sind nicht héherer ‘Temperatur gestatten, umgehen. 
Auf die offene Seite wurde ein Glasrohr 


z.B. 
befestigt, das nach Beschicken des 


von WuiTe™) aus dem Jahre 1944 gelingt es mitden — rohr. 


bisher angewendeten Methoden Praparate her-  mittels eines temperaturbestandigen Kittes 
zustellen, 94 AIP 


enthalten. Charakteristisch fiir alle angegebenen 


Kaolin- Borax 
Rohres 


schmolzen 


die maximal nur Prozent 


Aluminium und Phosphor abge- 


Das 


Korundschiffchen 


mit 


Verfahren ist die Verwendung von Aluminium- werden’ konnte. Aluminium 
befindet sich in einem im 
Korundrohr. Diese Stelle wird auf 1500°C erhitzt. 


Der iibrige Teil des Rohres wird auf eine Tem- 


pulver. RABENAU®) konnte zeigen, dass man im 
Zwei-Schenkel-Rohr 


von etwas tiber 1 Atm und einer ‘T'emperatur des 


bei einem Phosphordruck 
peratur gebracht, bei der der Phosphor den 
Dampfdruck Mit 
Anordnung konnte mit Phosphor-Dampfdrucken 
bis iber 10 Atm gearbeitet werden. Bei Wahl der 


\luminiums von etwa 1000°C metallfreie Praparate 


erhalten kann. Die Methode ist jedoch langwierig gewiinschten besitzt. dieser 


und fiihrt nur zu pulverférmigen Praparaten. 


Geht man, wie es Reinheitsgriinde erfordern, 


von kompaktem Aluminium aus, dann lasst sich 


das bei den Phosphiden des Ga und In erfolg- 


reiche Syntheseverfahren, Erhitzen des Metalls 


unter Phosphordruck im abgeschlossenen Quarz- 
rohr, nicht anwenden, da die Geschwindigkeit der 


Reaktion bei der fiir Quarz noch zulassigen 
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passenden Glassorte liess sich das Korundrohr 
auch direkt mit dem Glasrohr verschmelzen. 

Als 
AlP-Synthese bei Normaldruck in nicht abge- 


besonders elegant erwies. sich die 


schlossenen Systemen. Das Beispiel einer solchen 
Arbeitsvorschrift wird im folgenden gegeben. Etwa 
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20g schwere Aluminiumstiicke (99,997%, Al), die 
sich in einem Korundschiffchen befinden, werden 
in einem Korundrohr im Silitrohrofen aufgeheizt. 
Dies erfolgt zunachst in str6mendem Wasserstoff 
—ca. (0,1 Liter pro min. Bei einer Temperatur von 
etwa 1200°C wird von Wasserstoff auf Phosphor- 
wasserstoff oder ein Gemisch von Phosphordampf 
und Wasserstoff umgeschaltet. Hat der Ofen 
1500°C erreicht, belasst man ihn etwa eine Stunde 
bei dieser Temperatur. Die Bildung von AIP findet 
unter kaum sichtbarer Reaktion statt. Das Abkiih- 
len erfolgt ab 1100°C wieder unter einer Wasser- 
stoff-Atmosphire. Leitet man gleich vom Auf- 
heizen an Phosphorwasserstoff (oder Phosphor- 
dampf und Wasserstoff) iiber das Aluminium, so 
erfolgt die Reaktion bei 1500°C mit starker Ver- 
zogerung. Durch die friihzeitige Bildung einer 
AlP-Schicht wird die Lésung von Wasserstoff in 
Aluminium verhindert, die offenbar fiir den 
Ablauf der Reaktion von Bedeutung ist. Man 


lasst die Reaktion nicht bis zum vollstandigen 
Umsatz des Aluminiums laufen, was die Isolierung 
der Kristalle erleichtert. Im Prinzip ist eine 
vollstindige Umsetzung méglich, da, wie die 
Erfahrung zeigte, und auch im Hinblick auf den 


hohen Schmelzpunkt des AIP>2000°C zu er- 
warten war, der Phosphordampfdruck des AIP 
bei der Arbeitstemperatur von 1500°C unter 
dem vorgegebenen Phosphordampfdruck liegt. 
Das Reaktionsprodukt ist eine mit einer grauen 
bis gelben Haut iiberzogene kompakte Masse. An 
einzelnen Stellen erscheinen kleine, gelbe AIP- 
Kristalle. Die Hauptmenge befindet sich im 
Innern unter der Deckschicht. Nach Aufbrechen 
derselben kann man die Kristalle mit Hilfe einer 
Pinzette herauslésen. Die Kristalle sind mehrere 
mm2 gross und etwa 0,2 mm dick. Liasst man die 
Umsetzung des Aluminiums zu weit gehen, dann 
sind die Kristalle ineinander verschachtelt und 
lassen sich schlecht isolieren. 

Die Trennung vom iiberschiissigen Aluminium 
lasst sich auch chemisch durchfiihren. Als geeignet 
zum Auflésen des Aluminiums erwies sich 1,2- 
Dibromathan. Man Reaktion durch 
Erwarmen in Gang, lasst die Temperatur jedoch 
nicht iiber 100°C steigen. Je nach der Menge des 
vorhandenen Aluminiums muss die Behandlung 
wiederholt werden. Das 1,2-Dibromathan wird 
durch 


setzt die 


anschliessend durch Aceton und dieses 


Toluol, Xylol usw. verdrangt. 
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Die Kristalle sind in Abwesenheit von Feuch- 
tigkeit haltbar; anderenfalls bedecken sie sich mit 
einer Schicht von Hydrolyseprodukten. 


1.1 Herstellung dotierter AlP-Kristalle 

(a) p-dotierte Kristalle. Bei der Dotierung mit 
Kupfer geht man von einer Aluminium-Kupfer- 
Legierung aus, deren Kupferkonzentration etwa 
10-2 At.°% betragt. Diese Legierung wird wie 
0.a. umgesetzt. Die entstehenden Kristalle sind 
braunlich-gelb gefarbt. 

p-Dotierung kann u.a. auch durch Einbau von 
Zink oder Cadmium erfolgen. In diesen Fallen 
wird das zum Dotieren verwendete Metall in 
einem gesonderten Schiffchen vor die Aluminium- 
probe gesetzt. Dabei soll sich das Metall auf einer 
Temperatur von etwa 400°C befinden. 

(b) m-dotierte Kristalle. Zur 
dotierter Kristalle setzt man dem zur Umsetzung 
verwendeten Phosphorwasserstoff geringe Mengen 
HoS oder HoSe zu. 

(c) Dotierungen mit Silizium oder Germanium 
erfolgten in der fiir Kupferdotierung beschriebenen 
Weise. 


Erzeugung n- 


2. EXPERIMENTELLER TEIL 

2.1 Remissionsmessungen 

Die von uns untersuchten AlP-Kristalle waren 
von gelber Farbe, was bereits eine Absorptions- 
bande im Blauen oder Griinen vermuten lasst. 
Da sich gezeigt hat, zur Bestimmung 
der Fundamentalabsorption Remissionsmessungen 
Durchlassigkeitsmes- 


dass 
zuverlassiger sind als 
sungen,‘3) haben wir erstere Methode angewandt. 
Um moglichst reines AlP zur Verfiigung zu haben, 
gingen wir dabei von gepulverten Kristallen aus. 
Das Pulvern erfolgt wegen der Empfindlichkeit 
des AIP gegen Hydrolyse — besonders in fein 
verteiltem Zustand — in einer trockenen Atmo- 
sphire. Remissionsmessungen werden in dieser 
Hinsicht besonders leicht beeinflusst, da die durch 
die Hydrolyseprodukte hervorgerufene Weiss- oder 
Schwarzverhiillung die Absorptionskante der 
Grundsubstanz u.U. nicht in Erscheinung treten 
Die Ergebnisse der Remissionsmessungen 
180°C sind in Abb. 1 
die spektralen 


lasst. 
bei Zimmertemperatur und 
und Io 
Intensitaten, der zu 
Substanz und einer MgQO-Schicht als Standard 


wiedergegeben. / sind 


die von untersuchenden 
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refiektiert werden. Hierbei wird als Remissions- 
kante der Punkt der Remissionskurve definiert, 
bei dem auf der langwelligen Seite der Kurve der 
lineare Verlauf in einen nicht linearen tibergeht, 
wobei wir es offen lassen, inwieweit dadurch die 
Breite der verbotenen Zone genau bestimmt ist. 


Ans. 1. Remissionskurve von AIP bei Raumtemperatur 


( ) und bei ca. 90°K (| ) 


die Remissionskante zu 
(fur T>100°K) 
Wert 


Ergebnissen 


Danach ergibt sich 
2,544x10"T eV, 
Zimmertemperatut 


ahnlichen 


was bei 
2,42 eV 


fiihrten 


einem von 


entspricht. Zu 
Durchlassigkeitsmessungen. 
2.2 Gleichrichtung 
AIP-Kristalle zeigen mit einem Spitzenkontakt 
gute Gleichrichtung. In den meisten Fallen haben 
wir die grossflachige Elektrode durch eine Kon- 
taktierung mit Leitsilber erzeugt. Es traten 
iedoch keine wesentlichen Anderungen auf, wenn 
der Kristall allein durch den Spitzenkontakt auf 
eine metallische Unterlage gepresst wird. 
Ahnlich wie bei GaP“) beobachten wir auch an 
AIP, Gleichrichtung 


nicht an jeder Stelle des Kristalls das gleiche war. 


dass das Vorzeichen det 
An manchen Stellen wurde der Ladungstransport 
Elektronen 
3ei diesen Untersuchungen 


im wesentlichen von getragen, an 
anderen von Léchern. 


Molybdin- als 


Spitzenkontakte verwendet. In 
erhielt man grundsatzlich die gleichen Ergebnisse. 


wurden sowohl auch Eijsen- 


beiden Fallen 
Einige typische Gleichrichterkurven werden in 
Abb. 2 wiedergegeben. Das Gleichrichterverhilt- 
nis d.h. das Verhaltnis des Stromes in Sperrichtung 
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Gleichrichtercharakteristik von undotierten 


AIP 


zum Strom in Flussrichtung bei gleicher 
Spannung war im allgemeinen 107-10, in wenigen 


Fallen sogar 10°. 


2.3 Leitfihigkeitsmessungen 

Um die Lage der Donoren und Akzeptoren 
innerhalb der verbotenen Zone in unseren nicht 
bewusst dotierten AlP-Kristallen zu bestimmen, 
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wurden Leitfaihigkeitsmessungen in Abhangig- 
keit von der Temperatur durchgefihrt, in der 
Weise, wie es bereits in einer friiheren Arbeit 
beschrieben wurde... Der Spitzenkontakt war bei 
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Temperaturbereich von — 180°C bis +240°C wie- 
der. Die Steigungen der zwei linearen Kurvenstiicke 
entsprechen einer Aktivierungsenergie von 0,15 
eV und 0,37 eV. Fiir -Stellen erhalt man Kurven, 


. Temperaturabh4angigkeit der Leitfahigkeit von 


undotiertem 


diesen Messungen stets in Flussrichtung gepolt. 
Da die Méglichkeit besteht, dass durch Verwen- 
dung eines Spitzenkontaktes eine ‘‘Modulation”’ 
der Ladungstrager erfolgt, wir aber anderseits 
Eigenschaften unserer 
Spitzen 


wegen der spezifischen 


Kristalle waren, mit zu 


arbeiten, wurden diese Leitfahigkeitsmessungen 


gezwungen 


an ca. 20 verschiedenen Kristallen mit jeweils 


AIP 


die in dem von uns gemessenen ‘Temperatur- 

bereich bereits Sattigung zeigen. Eine Abschat- 

zung der Aktivierungsenergie ergibt hier Werte 
0,02 eV. 


2.4 p-n-Lumineszenz 
AlP-Kristalle zeigen bei Anlegen einer Span- 
nung eine gut messbare Lumineszenz. Es liegen 


\ps. 4. Temperaturabhingigkeit der Leitfahigkeit von 


undotiertem 


verschiedenen Spitzenaus Mooder Fe durchgefihrt. 
Die angelegte Spannung war so gross gewahlt, dass 


der Strom nicht durch den Spitzenkontakt, 
sondern durch den Widerstand der Probe bestimmt 
wurde. Ahnlich wie bei GaP zeigten die Messungen 
keine wesentliche Abhangigkeit von der Form oder 
dem Material der Spitze. In Abb. 3 und 4 
geben wir die Ergebnisse fiir eine p-Stelle im 


AIP zwischen 


160 und 240°C. 


die gleichen Verhialtnisse vor wie beim GaP. 
Die leuchtenden Zonen kénnen an vollig verschie- 
denen Stellen des Kristalls auftreten, wie z.B. in 
unmittelbarer Nahe der Kontakte oder innerhalb 
des Kristalls. Die Lage der leuchtenden Zone 
haingt von der Polung ab, das Auftreten der 
Lumineszenz innerhalb des Kristalls ist dagegen 
von der Polung unabhiangig. 
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Zur Bestimmung der spektralen Verteilung der 
p-n-Lumineszenz wurde ein Leiss-Monochro- 
mator verwendet. Als Strahlungsempfanger dienten 
die RCA-Photomultiplier 1P28 und 1P21 in 
Verbindung mit einemschmalbandigen phasenemp- 
findlichen Verstarker. Die Registrierung erfolgte 


kontinuierlich. Die Kristallhalterung war dieselbe 


) 


(b) 


Spektrale Verteilung der p—n-Lumineszenz. 


Ass. 5 


wie im Falle der Leitfahigkeitsmessungen, weil 
es auf diese Weise méglich war, den Kristall zu 
kiihlen. Die Kiihlung war notwendig, weil die 
Energie, die dem Kristall zugefiihrt werden musste, 
um die spektrale Verteilung der auftretenden 
Lumineszenz zu messen, teilweise sehr gross war 
(ca. 3 W). In Abb. 5(a) und (b) geben wir die spek- 
trale Verteilung der p-n-Lumineszenz wieder. Es 
sind deutlich zwei Maxima bei 5550 A und 6150 A 
zu sehen. Wahrend in Abb. 5(a) die Intensitit 
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der 5550 A-Bande nur gering ist und dadurch 
das Maximum der 6150 A-Bande deutlich in 
Erscheinung tritt, treten in Abb. 5(b) beide 
Emissionen mit fast gleicher Intensitat auf. 
AlP-Kristalle, die beziiglich der Gleichrichtung 
weitgehend das gleiche Vorzeichen aufwiesen, 


zeigten keine p-n-Lumineszenz. 


2.5 Photolumineszenz 
Wegen der Empfindlichkeit des AIP gegen 
Hydrolyse — besonders in fein verteiltem Zustand 
—lasst sich mit AlP-Pulver nur unter besonderen 


AbB. 6. Spektrale Verteilung der Photolumineszenz bei 


ca. 90°K. 


Umstianden bei Anregung mit u.v.-Licht eine 
Lumineszenz beobachten. Bis jetzt konnten wir 
zu schwach rot lumineszierendem Al]P-Pulver nur 
dadurch gelangen, indem wir die nach dem Hoch- 
druckverfahren hergestellten (siehe Abschnitt 1) 
und gut ausgebildeten Kristalle unter Feuch- 
tigkeitsausschluss pulverisierten und bei ca. 90°K 
mit langwelligem u.v.-Licht — meistens 3650 A 

anregten. Im Gegensatz zum Pulver zeigten die 
Kristalle bereits bei Zimmertemperatur eine 
schwache Lumineszenz, die sich bei Abkiihlen 
auf ca. 90°K betrachtlich verstarkt und wesentlich 
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intensiver als die des Pulvers ist. Abb. 6 gibt die 
spektrale Verteilung dieser Lumineszenz wieder. 


2.6 p-n-Photoeffekt 

Bestrahlt man AIP-Kristalle mit weissem Licht, 
so lasst sich mittels eines Spitzenkontaktes eine 
Photospannung nachweisen. Man hat lediglich 
darauf zu achten, dass die auftretende Photo- 
spannung nicht teilweise durch das Messinstru- 
ment kurzgeschlossen wird, da der Widerstand 
der Kristalle verhaltnismassig gross ist (ca. 
108 Q). In Abb. 7 geben wir die Abhangigkeit der 





~ 4000. 5000 


Anregungsspektrum der p-—n-Photospannung 


Vi 


ABB. 7. 


Kurve a: unkorrigiert (— - ) 
Kurve 6: berechnet fiir konstante 


gungsdichte ( —), 


Anre- 


Leerlaufspannung Vz; von der Wellenlainge des 
eingestrahlten Lichtes fiir nicht bewusst dotiertes 
AIP wieder. Als Lichtquelle diente eine Wolfram- 
bandlampe, deren Licht mit einem Leiss-Mono- 
chromator zerlegt wurde. Kurve a gibt die ge- 
messene Leerlaufspannung direkt d.h. ohne 
Beriicksichtigung der spektralen Energieverteilung 
der Lampe usw. wieder. 

Das bei 6200 A auftretende Maximum liegt 
eindeutig auf der langwelligen Seite der Absorp- 
tionskante. Rechnet man Kurve a auf konstante 
Quantendichte um (Kurve }), dann verschiebt 
sich zwar das Maximum nach 5000 A, aber ein 
langwelliger Auslaufer bleibt erhalten. Weiterhin 
wurde die Intensitatsabhangigkeit der Leerlauf- 
spannung V;, und des Kurzschlusstroms 7x unter- 
sucht. Wie man es fiir eine Sperrschicht-Photo- 
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zelle erwarten sollte, ist 7x der Beleuchtungs- 
stirke direkt proportional, wahrend Vz, fiir grosse 
Logarithmus der Beleuch- 


Intensitaten dem 


tungsstarke proportional ist. 


2.7 Photoleitung 

AlP-Kristalle zeigen Bestrahlung 
weissem Licht gute Photoleitung. Der Effekt ist 
unabhangig von der Art der Kontaktierung und 
tritt sowohl mit grossflichigen Elektroden als 
auch mit Spitzenkontakten auf. In Abb. 8 geben 


bei mit 


See 
6500 


der Photoleitung 
) fiir konstante 


Empfindlichkeit 
) und AIP-Cu ( 
Anregungsdichte 


Ass. 8. Spektrale 
von AIP ( 


wir die spektrale Empfindlichkeit der Photoleitung 
von nicht bewusst dotiertem (die maximale 
Empfindlichkeit liegt zwischen 5000 A und 5150 A) 
und mit Cu dotiertem AIP wieder. Im Falle 
des AIP-Cu tritt bei 5330 A ein zweites Maximum 
auf. Ahnliche Ergebnisse erhalt man, wenn man 
AIP mit Si (5220 A) oder Ge (5100 A) dotiert. 


3. DISKUSSION 

In der Literatur finden sich bisher nur wenig 
Angaben iiber die physikalischen Eigenschaften 
von AIP. 

HERMAN) gibt erstmals einen Wert fiir den 
optisch bestimmten Bandabstand des AIP mit 
3,0 + 0,3 eV an, der auf einer privaten Mitteilung 
von Keck beruht. Auch nach Hrostowsk1‘) 
(3,0 + 0,2 eV) und anderen Autoren: 
Bandabstand bei 3,0 eV leigen. Etwa diesen Wert 
wiirde man bei einer vergleichenden Betrachtung 
innerhalb der 


8) soll der 


des Verlaufs der Bandabstande 
I1I-V—Verbindungen erwarten. Danach sollte der 





303 H. G. GRIMMEISS, 


Bandabstand in der Gréssenordnung des GaN 
(3,25 eV) liegen. Umso iiberraschender ist, dass 
der Bandabstand von AIP mit etwa 2,4 eV nur 
wenig grésser ist als der von GaP (2,25 eV). 

Die oben wiedergegebenen Versuche sollten 
daher auch dazu dienen, weitere Aussagen tber 
die Breite der verbotenen Zone zu erhalten und 
den durch unsere Remissionsmessungen gefun- 
denen Wert zu bestatigen. 

Im allgemeinen tritt die maximale Empfind- 
lichkeit dotierten 


Proben im langwelligen Auslaufer 


nicht 


der 


der Photoleitung bei 


Grund- 


gitterabsorption auf. Nach dem von den Remis- 


sionsmessungen gelieferten Wert von 2,42 eV 
fiir den Bandabstand sollte man das Photoleitungs- 
maximum bei ungefahr 2,45 erwarten, was mit 
den von uns gefundenen Werten zwischen 2,4 eV 
und 2,48 eV in gutem Einklang steht. 

Eine weitere Bestatigung des Wertes von 2,42 
eV fiir den Bandabstand sehen wir in dem von 
uns gefundenen p—n-Photospannungsmaximum. 
Eine p—n-Photospannung tritt némlich im wesent- 
lichen nur dann auf, wenn die Energie des einge- 
strahlten Lichtes grésser als der Bandabstand ist, 
weil fiir eine p-n-Photospannung sowohl beweg- 
liche Lécher als auch Elektronen Voraussetzung 
sind. Nimmt man fiir den Bandabstand des AIP 
einen Wert von 2,42 eV an, dann erwartet man ein 
etwas 


Photospannungsmaximum bei erosserer 


Energie, was wir durch unsere Messungen, die 
2,5 eV liefern, bestatigen konnten. Wie bereits am 
GaP) gezeigt wurde, kénnen jedoch auch Terme 
innerhalb der verbotenen Zone zum p-n-Photo- 
effekt 


Photospannungsmaximums deutet darauf hin, dass 


beitragen. Der langwellige Auslaufer des 
solche Prozesse auch beim AIP eine Rolle spielen. 

Die Aktivierungsenergie der die p-Leitung 
hervorrufenden Akzeptoren wurde mittels Leit- 
0.15 eV und 0,37 eV 
Beide Terme kénnen als Rekombina- 
tionszentren Die 
Wellenlange der mit diesen Zentren zu erwarten- 
den Emissionen liasst sich abschatzen, wenn man 
von Moéglichkeit eines Frank—Conden-Shifts, 
der bei AIP ahnlich wie bei GaP sicher klein ist, 


zunachst absieht, indem man die Aktivierungs- 


fahigkeitsmessungen zu 
bestimmt. 
wirken. 


freier Ladungstriger 


der 


energie der Terme von 0,15 eV und 0,37 eV vom 
Bandabstand (2,42 eV) abzieht. Man 
Emissionen der Wellenlangen 5460 A und 6050 A 
gemessenen 


sollte 


erwarten, die mit den von uns 
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Maxima der p-n-Lumineszenz bei 5550 A und 
6150 A und dem der Photolumineszenz bei 6100 A 
(siehe Abschnitt 2.4 und 2.5) gut iibereinstim- 
men. Mit diesen Ergebnissen lasst sich fiir unser 
nicht bewusst dotiertes AIP ein Termschema 
angeben (Abb. 9). 

Die in Abschnitt 2 wiedergegebenen Ergebnisse 
erlauben weiterhin eine Aussage iiber den Mecha- 
nismus der Lichterzeugung in AIP bei Stromdurch- 
gang. Dadurch dass die leuchtenden Zonen ein- 
deutig innerhalb der Kristalle liegen und keines- 
wegs nur auf die Umgebung der Kathode be- 
kann eine Stossionisation als 


schrankt sind, 


Leitfahigkeitsband 





4 eV Valenzband 
Ass. 9. Termschema von AIP ohne Fremddotierung. 
Leuchtens bereits ausgeschlossen 
werden. Da den AIP-Proben 
sowohl mit n- als auch mit p-Leitung befinden, 
kann annehmen, dass es sich bei diesem 
Leuchten Rekombinationsstrahlung 
innerhalb handelt. Die 
p n-Uberginge selber konnten wir durch den 
p-n-Photoeffekt nachweisen. In Ubereinstimmung 
mit der Theorie fiir Sperrschichtphotoelemente 


Ursache des 


sich in Gebiete 
man 
um eine 


von p-n-Ubergingen 


ergibt sich namlich fiir die Leerlaufspannung bei 
grosser Beleuchtungsstarke eine logarithmische 
Falle 
Abhangigkeit von der Beleuchtungsstarke (c:iehe 
Abschnitt 2.6). In Hinsicht 
verstandlich, dass AlP-Kristalle mit weitgehend 
einheitlicher Leitung weder eine p—n-Lumineszenz 
p-n-Photoeffekt (siehe 


und im des Kurzschlusstroms eine lineare 


dieser ist es auch 


noch einen aufweisen 
Abschnitt 2.4). 

Ahnliche Ergebnisse wiirde man zwar auch 
erhalten, wenn Photoeffekt durch Ober- 
flachenzustande oder durch den Metall—Halbleiter- 
wiirde, aber da die an AIP 
GaP vollig 


der 


Kontakt verursacht 


gefundenen Ergebnisse denen an 
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ahnlich sind, darf man annehmen, dass es sich 
tatsichlich um einen p-n-Photoeffekt handelt. An 
GaP-Einkristallen konnten wir namlich zeigen, 
dass man beziiglich des p-—n-Photoeffektes bei 
grossflachiger Kontaktierung zu den _ gleichen 
Ergebnissen kommt wie mit Spitzenkontakten. 
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Abstract 


In the presence of magnetocrystalline anisotropy the magnetization of a ferromagnet 


depends upon its orientation as well as upon the temperature. The magnitude and temperature 
dependence of the anisotropic magnetization, and the conditions under which it should be ob- 
servable, are discussed. The non-spherical terms are small in iron and nickel, but are appreciable 
in some uniaxial materials, and large in crystals of low Curie point and large anisotropy. In these 
materials the magnetization will have a temperature dependence very unlike the Brillouin or spin 


wave functions 


1. INTRODUCTION 

IN A FERROMAGNETIC material both the energy and 
the magnetization depend on the orientation of the 
magnetization relative to the crystal axes. The 
anisotropy energy and its temperature dependence 
have been extensively studied. The anisotropy of 
the magnetization has not been investigated, pre- 
sumably because it is generally very small. 
However, there are cases in which the anisotropy 
of the magnetization should be appreciable and 
certainly observable; the purpose of this paper is 
the investigation of these conditions. 

The closely associated problem of the anisotropy 
energy is at least qualitatively understood. 
AkuLov), ZeNER®), KeFFeR®), VAN VLECK) and 
others have shown that the first anisotropy constant 
of cubic materials falls from its zero-temperature 
value as the tenth power of the magnetization, the 
second anisotropy constant falls as the twenty- 
first power of the magnetization, etc. The physical 
origin of this decrease of macroscopic anisotropy 
is the increasingly wide angular deviation of the 
individual spins from their average direction as 
the temperature increases; at higher temperatures 
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the individual spins sample the anisotropy over a 
wider angle, and the average energy becomes more 
nearly isotropic. This effect is indicated schematic- 
ally in Fig. 1. 

The existence of an anisotropy energy implies 
an anisotropy of the magnetization. The physical 
origin of this effect is illustrated in Fig. 2. In the 
direction of easy magnetization the anisotropy 
tends to keep the individual spins aligned, and 
thereby increases the magnitude of the magnetiza- 
tion; in the hard direction the anisotropy enhances 
the angular deviation of the spins and decreases 
the magnitude of the magnetization. 

Because of the generality of the mechanism 
leading to anisotropy of the magnetization it is 
possible to give a thermodynamic, model- 
independent calculation valid at low temperature 
(Section 2). However, the anisotropy of the mag- 
netization vanishes at zero temperature and is small 
in the temperature region in which the thermo- 
dynamic treatment is valid. To estimate the effect 
at higher temperature we consider the simplest 
possible model: the classical internal field model 
(Section 3). To corroborate the results we also 
analyze a specific quantum mechanical model 
a uniaxial ferromagnet with anisotropy arising 


310 





ANISOTROPIC MAGNETIZATION 


INTRINSIC 
(MICROSCOPIC) ANISOTROPY 
ENERGY DENSITY 


Fic. 1. 
the magnetization is in 


averaged over the spin direction as shown; 


is shown by the point A’. 
zero temperature value at A 
decreased from B to B’. 
nearly 


is more isotropic 


The energy at A’ 


The dotted anisotropy curve (T 
than the 


/ MACROSCOPIC 
‘ANISOTROPIC ENERGY 
DENSITY (T >0°) 


Temperature dependence of anisotropy energy. When 
an easy direction, the anisotropy is 


this average value 
is greater than the 


In a hard direction the energy is 


O°K) 


solid 0°K), 


curve (7 


implying a decrease in anisotropy coefficient with decreasing 


magnetization 


from pseudo-dipolar interactions (Section 4). 


Finally, we consider a ferrimagnetic model, again 
using the internal field analysis (Section 5). 

The essential results are that in ordinary ferro- 
magnetics the anisotropic magnetization is small 
at all temperatures. In certain propitious ferro- 
magnets, having large anisotropy energy and low 
Curie temperatures, the anisotropy of the mag- 
netization can be quite large. In these materials the 
dependence of the magnetization on the tempera- 


ture will differ markedly from the Brillouin theory. 


In ferrimagnets the anisotropic magnetization of 


one sublattice can be enhanced if the molecular 
field coefficients are such that the magnetization 
of one sublattice falls toward zero much more 
rapidly than that of the other sublattice. The 
applicability of these results to real crystals is 
discussed in Section 6. 


2. THERMODYNAMIC TREATMENT 
The appropriate “free energy density” for the 
escription of anisotropic effects is the Legendre 
transform ,j(7\a,H); a function of the temperature 
of the 


ngular coordinates of the unit vector @ 
along the direction of the net magnetization, and of 
the external magnetic field H. The thermodyna- 
mics of this free energy density is summarized in 
Appendix A. 

The free energy density ,,(7,a,H1) must depend 
on the direction @ in a manner consistent with the 
symmetry of the crystal. 

In uniaxial crystals such as cobalt it is common 
to expand the free energy density in terms of the 
angle 6 between the crystal ¢ axis and the mag- 
netization as 
& = Ko(T,H)+ Ki(T,H)sin20+ Ko(T,H)sir40 +4 

(1) 
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SS 
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IN HARD DIRECTION 


oa 


‘3G. 2. Microscopic ori 


oh of the spin cone 


at a given temperature 


gin of anisotropic magnetization. The 


is greater if 


the magnetization lies in a hard rather than an easy direction 


In cubic materials the free energy density con- 


ventionally is written as 


41°42" + H2"4g°+ %; 


Ko( 7T,H) + Ky(T,H)\ 
t Kol TH )x37%9° 43° Tovey 


where the % are the components of q@, or the 


direction cosines of the magnetization M with 
respect to the cubic axes. 

As pointed out in Appendix A, the values of 
Kj(7T,H) are very nearly equal to the values of 
Ki(T.0) for any fields H which are conveniently 
available. for our present purposes it 
is vital to maintain the dependence of Kj(T,H) 
on the magnetic field. The quantities Ko(7,H), 
K,(T,H) and Ko(7,H) are the 


respecti\ ely ; 


However, 


‘zeroth, first, and 
second anisotropy constants” 

A more convenient and systematic expansion 1s 
which are linear combinations 


with the 


in functions g/(a@), 
of the spherical harmonics of degree / 
ymmetry of the point group of the crystal. 


uh( T,a,H) > Kil T.H)g(a), (3) 


> Amy "(a ). 


m l 


2i( a) 


The appropriate values of the A)” and the 
relationship between the «)(7,H) and the Kj(7T,H), 
are given in Appendix B, 

We refer to the quantities «;(7',0) as the aniso- 
as distinguished from the aniso- 
tropy constants Kj(T,0). 


tropy coe fficients, 


The temperature dependence of the coefficients 
«i(7,H) 


grounds. In the vicinity of zero temperature we 


has been well established on theoretical 


have 


where mp 1s the ratio of the isotropic part of the 
magnetization to the zero-temperature saturation 
constant K)' «(0,H) is in- 


dependent of H if the orbital configuration of the 


magnetization. The 


ground state is field independent, for an external 
field can have no influence on the spins at T = 0 
when they are already completely aligned. As 
VaN VLECK has shown, equation (5) follows from 
that the anisotropy 
perturbation expressible in 


two additional assumptions: 


results from some 
terms of an effective spin Hamiltonian, and that 
the first excited state in the space of two neigh- 


boring spins maintains the two spins parallel. 
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The latter assumption, and equation (5), have been 
corroborated in many specific models. 

Equation (5) is true only to first order in the 
deviation of mo from its zero temperature value 
(which is unity), and can just as well be written 

«(T,H) l(i+1) 

= (1+dm)"Y/2 = 1+4- 


i omg (6) 
«?(0,H) ys 


whence, at low temperatures, the anisotropic part 
of the free energy 

‘ a l(i+1) , 

(1)( T ,a,H) : > «gia 4 smo > ; Ky 21(a). 


l=2 ‘ & 


l=2 (7) 


The anisotropic spontaneous magnetization 


M)(T,a) is given by (cf. equation AS) 
C yp 1)( T,a,H) 


M(Tya) = |H-0 
oH 


‘ % r - ( 
whence, assuming the field-independence of « _, 


U4) , 
* Xo> K, Sa) 
— 2M)(0) 


M(Tya) 


where Xo is the isotropic susceptibility dMo/dH. 
We define the anisotropic magnetization co- 

efficients by the relation 

f 

> MT) g(a) (10) 

l=2 


MT) 


or, in reduced form, 


m1) Tex) = >> m(T)gi(ce) (11) 


l 
where m7, is the ratio of M/, to the zero-temperature 
saturation magnetization Mo(0). 

mo , mM (12) 
M)(0) M)(0) 
Comparing equations (9) and (10) gives the 
thermodynamic result 


l(i+1) 0X97). 


-- Ky? (13) 
2M)(0) 


M(T) 


In order to evaluate this result explicitly we 
have recourse to the spin wave model, which is 
also valid in the low temperature region. Each 
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magnon excited reduces the magnetization parallel 
to H by gus, where g is the Lande factor and pz 
is the Bohr magneton. Thus 


Mo(T,H) = Mo(0)—gue, >m% (14) 


where my, the number of magnons of wave vector 
k, is 
n, = [expf(+guRH + 2Sp Ja?k?)—1]-! (15) 


So is the spin per atom, / is the exchange integral, 
and a is the lattice constant of the simple cubic 
lattice here assumed. Differentiating with respect 
to H and converting the summation in equation 
(14) to an intregral over the Brillouin zone, 
gives to a sufficient approximation 


Xo = CT12, (16) 


for a sample of large but finite volume and 
l(1+1) 


M(T) = - x9 CT12, 0 


; (17) 
2M (0) 


The negative sign indicates that M(7) is largest 
in the direction of minimum anisotropy energy. 

The anisotropic magnetization vanishes at zero 
temperature and is ordinarily very small in the 
range of validity of the above analysis. The useful- 
ness of this result is that it provides a relatively 
rigorous limit with which the calculation of the 
next section can be compared, and that it suggests 
an intuitively appealing picture for the aniso- 
tropic magnetization. 

The form of equation (13) suggests that the 
coefficient of the susceptibility Xg can be considered 
as an effective anisotropy field which ‘‘induces”’ 
the magnetization M;. This interpretation can 
be given physical significance as follows. 

The anisotropy energy density at zero tempera- 
ture can be considered as an “‘intrinsic’’ or micro- 
scopic anisotropy energy density, as sensed by an 
individual spin in the direction 6,4; 


y= > xp g(4,9). (18) 


l even 
This energy density is a function of angular co- 
ordinates, and consequently it can be considered 
as a scalar function defined on the surface of a 
unit sphere. It is convenient to define a two- 
dimensional surface gradient 


Cp0 


| oy 
4s i 
06 


ne ten 
sin@ Cd 


V;9 = é (19) 
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and a two-dimensional surface curvature 


] ( oy 


V <2 { sin 6 


sin 6 06 8 


The surface gradient of y/° vanishes only on the 
poles of easy and hard magnetization. In order 
that the magnetization be in equilibrium in an 
arbitrary orientation 0,6 the surface gradient 
V : 
applied field perpendicular to M (cf. Appendix 
A), and we suppose this to be true. 

At low temperatures the spins deviate only 
slightly from the equilibrium direction. If we 
expand the intrinsic anisotropy energy density 


must be counteracted by an externally 


around the equilibrium direction, we need re- 
tain no terms beyond those which are quadratic 
in the angular deviations. To that accuracy we 
can replace the intrinsic anisotropy energy density 
by an effective field. That is, we define an effective 
anisotropy field Hq, parallel to M and of such a 
magnitude that the curvature of the energy density 
— M,(0) « Ha is equal to the curvature of ~. 


V52Mo(0)- Ha V 579 (21) 


M)(0)Ha AV 57h, (22) 
To evaluate 4V,29 we recall that the functions 
are linear combinations of spherical har- 


and that these functions in 


£i(9,) 
monics of degree /, 
turn are solutions of the angular part of Laplace’s 


equation. Thus g;(9,d) satisfies the equation 


l(i+1) 
LV .201(6,¢) 21(6,4) 
* ? 


* 1(1+1) 
Ha \ ep Bil 6d) 


yw 2M,(0) 


(24) 


Defining the anisotropy field coefficients by 
the expansion 


Ha = > Hagi(,¢) 
l 
we find 
I(1+1) 
Ha - Ky). 
2Mo(0) 


(26) 


These are precisely the coefficients appearing in 
equation (13), which can then be written 


MT) = HaX(T). 


(27) 
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The anisotropic magnetization coefficient M, can 
be thought of as the magnetization induced by the 


field Hat 


This heuristic interpretation can be extended to 
the anisotropy energy itself, and it leads to the 
10th power law for «4, and to the /(/+1)/2 power 
for other «;(7'). Expanding the microscopic energy 
density sensed by an individual spin in the 
direction v around the average direction a, gives 
(angular deviation)? 


(28) 


Y(v) = (cr) + 4V.2p0 » 


where the factor of } arises because 4V,? is the 
1 2 
azimuthal average of 07/°/06°, The (angular de- 


viation)? can be written as 2(1—v -a@), so that 


Py) = (a)+ Mo(0)Ha(l—v:a) +... (29) 


The macroscopic anisotropy energy is the 
average value of this microscopic perturbation 
(see equation E39). The average projection of v 
on @, or v-:a is the reduced magnetization 
my = Mo(T)/Mo(0), so that averaging equation 
(29), 


(a) + Mo(0)Ha(1 —mo)+ ... (30) 


u(x) 


(a) T Mo(0)H, 


Mo(T)Hat «-. 
(31) 


In this equation only the third term is tempera- 
ture dependent. Thus the temperature dependent 
contribution to the anisotropy energy can be visual- 
interaction 


” 


ized in terms of the ‘magnetostatic 
between the isotropic magnetization Mo(T) and the 
effective anisotropy field Hq. The tenth power law 
4) follows immediately 
Ha, = 


for cubic crystals (/ 
from equation (31) for Hg4; that is, 
10x" /Mo(0). 


3. INTERNAL FIELD MODEL 

In order to estimate the magnitude of the aniso- 
tropic magnetization coefficients at higher tempera- 
tures we now consider the simplest possible model 

the classical internal field model. 

The special features of the statistical mechanics 
of the free energy, which arise when a temperature 
dependent Hamiltonian is employed, are discussed 
in Appendix E. 

We assume that the origin of the bulk anisotropy 
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energy density is a one-ion perturbation of the 


form 


n is the number of atoms per unit volume, v is 
a unit vector along the spin of the individual 
atom, and v is the perturbation energy per atom. 
Neglecting the isotropic «{, the perturbation 
energy per atom is very small, of the order of 
lcm-! in common uniaxial materials and of 
10-2cm-! in cubic crystals. This is to. be com- 
pared with k7, which at room temperature is 
about 200 cm~!, and to the exchange energy which 
is about 10? cm~! for iron. 
Let the dipole moment of an ton be 


w= py. 


If the Weiss molecular field constant is y, and the 
magnetization at temperature 7' and direction 
is M(T\a), the molecular field is 


Hmoi. = yM(T,x)a, (34) 


and the energy of an ion in this field 1s 
e=- pyM(T,a)(v-a). 


The angle v-a ranges from 0) to z either con- 
tinuously or in discrete steps, but in this section 
we consider only the classical case in which all 
orientations are allowed. 

To be self-consistent, the magnetization occur- 
ring in equation (35) must be of the form of equation 
(10). At 7’ = 0K, the isotropic Mo takes its 
saturation value 


Mo(9) (36) 


= np, 


and all other M)(0) vanish. 

The unnormalized distribution function for the 
spin directions at temperature 7’ is 
(pT) = exp(—B)—pyM(T,a)(v-a)+(v)}. (37) 


The magnetization is to be determined self- 


consistently by the condition 


pn|dv(v-a)p( 7) 
(p(T)dv 


M(T,a) = (38) 


The integration is over a unit sphere. This 
equation separates into an integral relationship 


for each component. That is, 
f(v-a)po(v)dv 


mo( T) = (Vr ; 
|Po(v)dv 


And letting 
wd 
MT.) = 5 M(T)er(a) 
140 
equation (38) in first order reduces to 
MT x) (v-a) 
M)(0) 


UVa) y— Cv 


1/B—nI[<(v-a)? 


0 


(v-a) >5] 


(41) 


which is equation (E42) of Appendix E. Here we 
have set 


(42) 


ik = yr. 
The integrals in equations (39) and (41) for 
the magnetization are evaluated in Appendix C. 
We find 
[3,2(n1'Bmo) 


l 


mo( T) 


ctnh(n'Bmo) : 
ni'Bmo 


and for the anisotropic terms, 


| 
( 2mo + 
T 1/2 ni'Bmo 
mt ) 
~(1—mpo?) 
(44) 


where 


’ (45) 
Ni’2 


with /; the hyperbolic Bessel function. Using the 
relationship between the [., the magnetization 
component proportional to «9 
to a particularly simple form: 


can be reduced 


0 2 

Ks 3 

mT’) = ° (46) 
n7° ni 'Bmo(T) 


Equation (43) for the reduced spherical mag- 
netization is the classical Langevin function; 


my = L(ni'Bmo). (47) 
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By use of the inverse equation 
ni Bmo e (48) 


1(mpo), 


the non-isotropic components of the magnetiza- 
tion can be expressed entirely in terms of mo. 





<+ 


a 


a 


- ( =4 
| " 
% 











<i | 


as a function of the reduced iso- 
for l zZ, 4, 


Fic. 3. (n?0'/—x°)m, 


tropic magnetization mp and 6. 


In Fig. (3) we plot 


2, 4 and 6 


= m, for 1 


K ] 


as functions of mp). As T > 0°K, mo(T) — 1, while 
all other m; vanish. At the Curie point, also, all 
m, go to zero. The components m/,(T) for /> 0 
depend linearly on the ratio of the corresponding 
component of the perturbing energy to the 
saturation magnetization energy. Thus these terms 
are ordinarily extremely small though first order. 
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The rather complicated functions of the temp- 
erature and magnetization are positive semidefinite. 
Thusthe magnetization components alwayshave the 
opposite sign to the perturbations; the perturbation 
tends to reduce the magnetization in directions 
in which the perturbing energy is a maximum, 
the magnetization in easy 


and to increase 


directions. 

















Fic. 4. The reduced Langevin function mo(T) and 
(n°D'/—«!)m with 1 2, 4, and 6 as functions of 


T/Te. 


As the Langevin function vanishes at B-nI' = 3, 
this condition determines the Curie temperature 
| T 
. (49) 
3T¢ 


nip 


By means of equation (49) we plot mp, and 
(n?T —K?)m; for 1 = 2, 4, 6 as functions of 7/T¢, 
Fig. 4. Combining (46) and (49), 


shown in 
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in 
9 J 
2 


nr Tc mo(T) Bs n°’ S-(mo) 
(50) 


It will be seen from Figs. (3) and (4) that for 
1 = 4and 6 the maximum value of the temperature 
dependent functions of equation (44), occurring 
at about one-quarter of the Curie temperature 
in iron, is roughly 0-5. On the other hand, for 
Z=2, as TT, and m,(T) 
(46) predicts that m2(7') diverges. This is resolved 
by the recognition that equation (44), correct 
only to first order, is applicable only to the region 
in which 


- zero, equation 


(31) 


Inserting the maximum value of the several g;, 
and combining (51) with (44), we find that our 
approximation is justified at all temperatures in 
the case of / = 4, 6, but in the uniaxial case for 
common magnetic parameters, our approximate 
treatment breaks down before mz reaches a 
maximum which, for MnBi, may occur at more 
than three quarters of the Curie temperature; 
the closed form expressions indicate that all m; 


|[Bnl'mD(v-a)| < 1. 


return to zero at T¢. 

In order to compare the internal field calcula- 
tion with the rigorous results of Section 2 we 
return to equation (13). For consistency we 
evaluate the susceptibility Xo in the internal field 
model. In the presence of an external field the 
reduced isotropic magnetization is given by 

| 


mo = ctnhB(n''mp+pH)— 52) 
B(nU'mo + pH) 


Differentiating with respect to H and setting H 
equal to zero permits us to solve for Xo, giving 


and equation (13) becomes 
I(1+1) a 2 


M(T) = —. 


Substitution of equation (54) into inequality 
shows that in the low temperature range 


criterion of validity of our first order theory is 
essentially that the ratio of zero temperature 
anisotropy to exchange energy be much less than 
one. 

By employing the recurrence relation 


? 


Es.a(x) = L,a(x)-—1,(x) 
Xx 


one easily shows that at low temperatures equation 
(44) does indeed reduce to (54). 

It should be noted, however, that the classical 
internal field calculation which is more appropriate 
at high temperatures, gives M; proportional to T 
near zero temperature, rather than to 71/2 as in 
equation (17). 


4. QUANTUM MECHANICAL PSEUDO- 
DIPOLAR PERTURBATION 


The calculation in the previous section was carried 
out classically and with a one ion perturbation having 
the point group symmetry. We have also calculated 
m2(T) quantum mechanically, for arbitrary spin, with 
a pseudo-dipolar perturbation, but only in uniaxial 
symmetry and still in the internal field approximation. 
We here briefly mention the result of this analysis, 
which is presented in Appendix D. 

For an arbitrary spin S with Z nearest neighbors, 
exchange integral J, and perturbation V the Hamiltonian 


1S 


(56) 


H = — JZ(S.>> S+V. 


d 
We take as the perturbation, summed over all nearest 
neighbor pairs, 


57) 


where the pseudo-dipolar interaction is 


dk) = D[S®- SO— 3/12 (S® +r) SOD), (58) 


In uniaxial symmetry the pseudo-dipolar perturbation 
contributes a first order term to the anisotropy energy 
and magnetization, which is given by 


S, 
m( Tx) 
trace S, exp(BJZ<S, > S,0- BV) 
. (59) 


S trace exp(BJ/Z<S, >So-pV) 


i 
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It is the generalized Brillouin 


functions 


convenient to use 


SS? exp(BJZ<S,>oS¢) 


(60) 
exp (BJ/Z S; oy) 


s s 


.. 


In Appendix D we show that equation (59) yields 
3 D By 
2 J [ZS B.— B21 


mT) (61) 


\s the temperature dependent factor is positive semi- 
definite, mo(7) has the same sign as the perturbation; 
the dipole-dipole interaction is such that in hexagonal 
crystals the magnetization is again a maximum along 
the easy direction 

In Appendix D we show that at low temperatures 


3 DZ 


exp(—JZS/RT), (62) 
kT 


which vanishes much faster than the T!/* law of equation 
(17) 

It was conjectured at one time by one of the authors 
(E.R.C.)( the term m2(T) 
should have a narrow high spike right below the Curie 
point, the total 
increase with temperature in this narrow temperature 


that in uniaxial symmetry 


so high as to cause magnetization to 
interval. We now recognize that this result was a mathe- 
matical error due to the breakdown of our perturbation 


technique near the Curie point 


5. FERRIMAGNETS 
Consider a two-sublattice ferrimagnetic system. 
The ionic perturbation on an A atom is 


> «A0gi(v4) (63) 
NA leven 


and similarly for a B atom. The net magnetization 


VM MA— MB, (64) 


MA(T) + MA( Te) | ; 
(65) 


M8(T) + MB(T,a®) 


where 


as ab, (66) 


We choose a sign convention such that a positive 
coupling constant y4p causes the two sublattices 
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to lie antiparallel. The moment of an A atom, of 
which there are m4 per unit volume, is 4, and the 
exchange interaction constant within the A sub- 
lattice y44 is positive in the ferromagnetic case. 
The energies of A and B atoms are then 


A = 147 4pMB(v4-08)— py, ,MA(v4-a4) +04 
B= wry MAB aA) —p py, »MB(v8 a8) +08 | 
(67) 
For brevity, define 
= h4lpyY ap 
BY Bp 


PAV AA | BB 


A = B(ngl 1pm + nal’ 44m) 
(69) 
B) 


Z= 
0 


B(n4l 4pm : +npl pam 
After calculation which 
parallel to the ferromagnetic 


some runs closely 


case, one finds 


D2 pn 4npA(A)A(B) 
D4 4nsA(.A)\(1/B—VepnpA(A))_ 
SA) 
P4ansk(L)) 
S(B)R(A)V apng 
D4 4n4B(-7)\(1/B— UppnpF(B)) , 


- 
2np 


B 
mM) 


in (71). In this equation 


is found by interchanging A and B everywhere 


IanA 
4m 


A 


Si(.A) h, 3 9(.) + if 1 2() — 


j ‘i A . 7 
—LhajA)\(2me4 + 1/7) (73) 
The function A(x) equals 1/3 at x = 0 and drops 
monotonically to zero as x goes to infinity at 
T = (0. It is plotted in Fig. 5. We also plot in 
Fig. 5, ‘Yo(x) and -“4(x) against x. 
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All three exchange interactions, if positive as 
defined, tend to reduce the anisotropy in the 
magnetization by keeping the spins aligned, in the 

; , A0 ‘The te : , 
term proportional to «;'°. The term proportional 


to the intrinsic B anisotropy is only effective if 


there is a '4z coupling of the sublattices. In this 
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Fic. 5. &, .Y2 and 4 as functions of their independent 
variable. The functions are defined in the text. 


case, rotation of the B spins induces an anisotropy 
in the B magnetization, changing the molecular 
field on the A spins, and thereby inducing an 
anisotropy in the A magnetization. 

It is helpful to consider the special case in which 
| irr = I'gp = (. Then 


“te 
(naitp)'/*V 4B 
(1-(S BHA) RB) \mAmB) 


0 


x 


(n4np)* Tap 
BSB) A RA) 
. 2m? mall ~(A BR A)RB) mom] 7 
(74) 


10 


term proportional to x 


Inspection of the 
suggests how this magnetic anisotropy can be 
enhanced. If, at a value of 7 at which 7A.SY)(.A) 
is rather large, m? can be made very small, then 
m‘' will be large. For example, in the cubic case, 
AS (J) has a value of about 0-75 when .o7 ~ 10, 
and A RA mi ~ +0-1. If Z is close to zero at 


this point. 


0-75 


1-Sm ° 


(n4ng)?T 4p 


Hence, if mg/n4 could be made sufficiently (and 
unrealistically) large, so that m, would be close 
to saturation, at about 0-9, while m, 
ZeTO, m: would be appreciable. This suggests 
the coupling conditions which are required to 


was almost 


enhance the magnetization anisotropy. 

If these conditions were satisfied near a com- 
pensation point in the total magnetization, the 
net magnetization would then appear to be parti- 
cularly anisotropic, and the compensation tempera- 
ture would depend upon the orientation of the 
sublattice magnetizations. 


6. APPLICATIONS 

In this section we consider applications to several 
classes of materials. 

In iron and nickel the ratio of the zero-tempera- 
ture anisotropy to the exchange is about 10-5 
which is so small as to make the m4 and mg term 
immeasurably small at all temperatures. 

Colbalt undergoes a transformation to the cubic 
phase below the Curie point, and the existence of a 
change in sign of «o(7') at about 260°C is evidence 
that the behaviour is more complicated than the 
Akulov broadening However, at 
room temperature both the mys and my, terms should 


mechanism. 


be about 10-2 mp. 
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The anisotropy of the magnetization should be 
particularly large in materials of large anisotropy 
and low exchange energy, of which there are many. 
For example, ludlamite™ has a Curie tempera- 
ture of 20°K and a uniaxial anisotropy field greater 
than 12,500 Oe. In this case the magnetization will 
have a large anisotropy, and even in the easy 
direction will have a temperature dependence 
quite unlike the Brillouin or spin-wave prediction. 
Similarly, in cobalt ferrite the anisotropy energy 
of a cobalt ion is comparable to its exchange 
coupling and the anisotropic sublattice magnetiza- 
tion should be large. The deviation of the tempera- 
ture dependence of the magnetization of the cobalt 
sublattice from a Brillouin function should pro- 
duce a deviation of the total magnetization from 
the Néel curves. It would be of interest to syn- 
thesize a cobalt-containing ferrite with a com- 
pensation which should then be 
measureably orientation dependent. 


In our pe rturbation theory approach we neglect 


tempe rature, 


an interesting possibility that the Curie tempera- 
ture can also depend upon the orientation of the 
magnetization.* In an easy direction of magnetiza- 
tion, the anisotropy tends to hold the spins 
parallel, and hence raises the Curie point, and in a 
hard direction the anisotropy acts to lower 7; 
correspondingly by an amount depending upon 
the ratio of anisotropy to exchange energy. 
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in Appendix E 


APPENDIX A. 
THERMODYNAMIC CONSIDERATIONS 


We briefly state the thermodynamics of the 
appropriate to the 


particular 
function which is 


In the measurement of anisotropy 


free energy’ 
anisotropy problem 
we are concerned with the work which must be done in 
rotating the magnetization, maintaining the te mperature 
constant (rather than, say, maintaining the system 
adiabatically isolated), and permitting the magnitude of 
the magnetization to change quasi-statically during the 
rotation. The work done is the change in that Legendre 
transform? of the energy function in which the entropy 

* This question has been raised by W. J. Carr Jr 
We discuss this in detail at the Conf. on Magnetism and 
Magnetic Materials, New York, November 1960. 

t See, e.g. CALLEN H., Thermodynamics. John Wiley, 


New York (1960) 
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is replaced by the temperature as independent variable 
and the magnitude of the magnetization is similarly 
replaced by its conjugate intensive parameter. 

The internal energy U is properly a function of the 
entropy S and magnetic dipole moment VoM, where 
Vo is the volume in standard state. 
In addition, the energy is a function of the volume and 


some reference 
mole-numbers, which are, however, irrelevant to our 
discussion and will be suppressed in the notation. The 
conjugate intensive parameters are defined by the partial 


derivatives 


Vul (Al) 


0 


The operator VY. denotes the gradient in M-space; 
its cartesian coordinates are ¢ oM;z, c oM,, C oM:z. The 
vector H1 is the external field 

The appropriate Legendre transformation is facilitated 
by choosing spherical coordinates in M-space. These 
coordinates are the magnitude M and the polar angles 


@ and ¢ of M. Accordingly 


l U(S,VoM,V00,Vod) (A2) 


and, by equation (A1), 


Hy, MH, 


0 20 


MH, sin 0 (A3) 


The Legendre transformation is now made with respect 
variables S and VoM only. That is, we define a 


transformed function by] 


to the 


WT ,H,Vo0,Vodb) TS—VoMHy (A4) 
This function satisfies the thermodynamic relationships 
‘ Wy 
cH 


oW 


MH, MH, sin@ (A6) 


0 Od 

If the magnetization is caused to rotate, taking care to 

maintain the component of H parallel to M constant, the 
work done is equal to the change in . 

In order to standardize the definition and measure- 

ment of the magnetocrystalline anisotropy the value of 

Hm is standardized as That is, the magneto- 


zero. ; 
crystalline anisotropy energy density is defined in terms 


{ Note that % can be written as U—-TS—VoM-H, 
with respect to S, 
VoMz, VoMy, VoM:. Thus the right-hand member of 
equation (A4) is not alone sufficient to define » without 
a specification of its proper independent variables. 


as can also the transform of U 
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of the work required per unit volume to rotate the mag- 
netization under conditions in which the external field 
is kept always perpendicular _to the magnetization. 
Defining ys as the value of &/ with Hz = 0, the thermo- 
dynamic anisotropy energy density is then ¢ = ¥Y//Vo0, or 


WT, V00,Vod) (A7) 


Despite the fact that the right-hand member of this 
equation is identical to the Helmholtz free energy 
density, its thermodynamic significance is quite different 
as indicated by its independent variables. 

In practice the magnetocrystalline anisotropy energy 
density is not always measured with the external field 
perpendicular to M. In fact, a field Hw of the order of 
several thousand oersteds is usually applied in order to 
avoid domain effects. Equation (A5) permits us to 
evaluate the error involved thereby. For the first-order 


correction to wW is 


x Hy, or MAH \,. 


Hu=0 
Expanding both % and the correction —MHy, in 
spherical harmonics, we conclude that the first orde1 
correction to x; is —HjM/. In equation (44) it is shown 
that M; is of the order of Kk exchange field, whence 


OK] Hyy 102 
10-4, 


( 
K “ 


exchange field 10° 
Consequently any reasonable external field is likely to 


be negligible 


APPENDIX B. 


ANISOTROPY COEFFICIENTS AND CONSTANTS 


The functions g; of equation (4) are linear combina- 
tions of spherical harmonics of degree /, with the sym- 
metry of the crystal. The ratio of the A” for given / and 
different m is determined by this symmetry. If, in 
addition, the g(a) are normalized the functions g(a), 
gg(a@)... are the Kubic Harmonics of BETHE and VON 
DER LAGE‘®), Because of the familiarity of the anisotropy 
constants Kj; (equations (1) and (2)) it is desirable to 
sacrifice the normalization of the g; to make the simplest 
association between the «; and Kj. 

In the uniaxial case we choose 


Ao = A%. 


whence 


2 8 
ko = Ko+- Ai +— Ko, 
3 15 


, 5 , 
kg = Ky x en Ko, 


/ 





K4 = Ko. 
In cubic symmetry, 


Ag = 


0 
A; 





0 
A¢ 


and 





K6 


The mixing of the constants in the cubic case has been 
discussed by SATO and CHANDRASEKHAR 


9) 


APPENDIX C. EVALUATION OF INTEGRALS 


We require the values of several integrals involving 
various combinations of ¥ +a and P’”"(v). The simplest 
of these is the normalization integral No: 


47 sinh (nl'Bmpo) 


No = Spo(v)dv ; 


ni'Bmo 


p(y) is defined by equation (37). 
The equation for mo(T) can now easily be found by 


differentiation, for 
Nomo(T) = |( vee )po(v)d v 
ONo 
c(nV'Bmpo) 


whence 


mo(T) = 


] 


nV'Bmo 
(C2) 


that an 


via 59 = ctnh (nI'Bmo) — 


This is the Langevin equation. We note 





322 

equivalent form for mo is 
T3,o(n1'Bmo) 
I) ;2(nVBmo) 


I,(nVBmo) is the hyperbolic Bessel function, 


Here 


defined by 


I,(nVBmo) = 1-8] (inl Bmo). (C4) 


Next we consider the integrals 


[Y?" (v)po(v)dv. 


The spherical harmonics in this equation are functions 
of angular variables (1, v2, v3) in the coordinate system 
determined by the crystal axes. We prefer to 
coordinate system for which @ is the polar axis 
the coordinate the harmonics are 
tranformed into sums of spherical harmonics of the 
but of orders. ‘Thus denoting a 


spherical harmonic in the new 


use a 
Under 
rotation spherical 


same degree Various 


coordinate system by 
tilde, we have 


\ ( wim 


Mt 


my) y)"(v) 


whe nce 


| Y!"(v)po(v)dv 


Somm ty (y) exp (nl'Bmov: a)dy 


m 


integral over the ¢ coordinate vanishes unless 


\s the 


m 0, ] becomes 


the integra 


1 Y'"(v)po(v)dv = 276 


| P(cos @)[exp(nTBmg cos @)| sin@ dé (C6) 
0 


polynomial and @ is the 


To evalvate 


#) is the Legendre 


Pi(cos 
of V relative to @ 


whe re 


polar angl the integral 


refer to a well known integral transform"! 


Legendre and Bessel functions 


above we 


involving the 


77 
exp(/2 cos ¢ cos 9) Jm(z sin ¢ sin 0)P?"(cos@) sin 6 dé 
0 
/ da 
rm 
P; 
N 23 


ji—m (C7) 


(cos d))i 1/2(2). 
In this equation we make the substitutions 


d= 27, m= 0, z=inT Bmo 
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giving 


7 

| exp [nI'8mo cos 6]P;(cos @) sin 6 dé 
0 
1/2 


Ti.12(nV'Bmpo). 


on 


77 


| nl 'Bmo 


Inserting this into equation (C6), we find 


SY)"(v)po(v)dv 


1 ) 


= é 
cmp, 1 2(nI' Bmp). (CY) 


7 


2n | 


In terms of the modified Bessel functions, the normal- 


ni Bmo 


ization integral becomes 


-, iif 


Vo 27 | us I, ,o(n0'Bmo) (C10) 


n\'Bmpo 


which checks with equation (B1), found by elementary 
integration 
To 


theorem! 


evaluate the coefficient C/"” we invoke the 
that the integral over a unit sphere of the 
product of a spherical harmonic of degree / and a 
Legendre polynomial of the same degree but with 
different polar axes, is equal to 47/2/+1 multiplied by 
the value of the spherical harmonic at the polar axis 


Thus, that @ 1s 


the polar axis of the Legendre polynomial, 


of the Legendre polynomial noting 


bg y)"(a) (C11) 


and the normalized integral becomes simply 


1Y'"(v)po(v)dv 
ee Y7"(v) 
\pi(wj)ay 


if 1 2 ni ‘Bmo) : 
Y"(a). 
T, ,o(nVBmo) 


‘The formulas can be expressed more succinctly in terms 
the modified Bessel function of order s to 


Let 


of ratios of 


that of orders s 


I,(n\Bmpo) 
[.(nUBmpo) . 


h; 


I 


(C13) 
o(nI Bmp) 


Then 


Y"(v)>o = Liyajo(nlBmo) Y"(a). (C14) 


involving Y/;"(¥) and 


only differentiate 


integrals 


We 
v'a 


next require 


To develop these we need 
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In terms of generalized Brillouin functions defined in 
equation (60) in Section ITI, 


S->o = SB,(S) (D2) 


equation (C9) with respect to (nI'Bmo). We recall that 


and 
In this way (S;)? 0 = S*B2(S). (D3) 


J(v-a) ¥)"(v)po(v)dv We require only <v>, and Sv) q to complete the 


: calculation of <S, >). 
d Th1j2(nUBmo) s 
2/9 J’ . - r Y ‘ us) 
ae re ——— trace Ld*! exp (BJZSB,xS') 
d(n'Bmpo) (nU'Bmo)!/2 | (kl) i$ 
U>0 = - ——______—__— (D4) 
giving trace exp (BJZSB\SS*) 
s 
(vea) ¥"(v) 0 ; 
| In the & Sz all terms factor out as separate traces, can- 
A 2 . celling with the denominator, except those containing 
_ j| tes (nl Bmo) + fy (nl Bmo)- S* and S!. Further, this can be written as N/2 times the 
- sum over the nearest neighbors / of any one ion k; 
h.3jo(nV 8m : ' ' ~_ -, ol 
_ fret Pmo)) mie, NX* trace d* exp[BJZSBy(S! + 8) 
(nI'Bmo) vAa= > iP Sa mn vam: an 
2i~ trace exp [BJZSB(S*+ S,)] 
Only one integral remains. We must evaluate 
d a 
In the representation in which the individual S; are 


I(v-a)*po(v)dv = > J(v-a)po(v)dyv | | 
d(nI'Bmo) diagonal, the non-vanishing part of d*! is 


k trace [S¢.S:—3/r2,(re)2S2S.] exp[BJZSBi(S! + Sd)] 
v>o = ND/2 | = B (Sh 
— trace exp [BJZSB(S* + Ny) 


"el 


1 T3)0(n1'Bm ND vk 3 
. ae. Hen sep? S — | (D6) 
2 nn 


aad : 
d(nI'Bmo) (nl'Bmo)!/* 2 


l 


By employing equation (C15) we arrive at a 
; lhe summation depends upon the geometry. We con- 
(v-a)? 0 sider a hexagonal case, with the nearest neighbor 
pS : distance rx a. Let @ be the Euler angle between the 

[3 (nl 3mo) crystal ¢ axis and the ¢ axis along which the spins are 


I5)2(nT'Bmo) + 11 ;2(nUBmo) — — nUBm quantized. By means of the usual transformation con- 
0 necting the two coordinate systems, one finds 


? 
ae (C17) v»>o = 3 NDS?B*[3 cos?6— 1], 
nl'B 
APPENDIX D. UNIAXIAL MAGNETIZATION 
DUE TO A PSEUDO-DIPOLAR 
PERTURBATION < acai 
We derive the equation for mz quantum mechanically trace 2% V exp(BJZS 1) t) 
. / 1 


and with a many-body pseudo-dipolar perturbation. Ss. : 
N trace exp(BJZSB,> S*) 
i 


(v-ea)? 9 = 1- 
| NDS?B2g0(a). (D7) 


v 


ie 


To evaluate the remaining term, we write 


The Hamiltonian and perturbation are given in equa- 

tions (56), (57), and (58) in the body of the paper. In 

Appendix E, we derive equation (E42), which now he, ED 

} PI As differentiation of <v>o brings down &S' from the 

yecomes ; ‘- 
exponential, 

VS¢>o— <06S¢ 0 l ¢ 

¢ ¢ ’ ’ “ 

; : 5a 0 = Uv o+ SB U 0. (D9) 


S,y) = —B ue ee (D1) S-v>o = — ~ 
‘ 1—BJZ[<(S.)? >o- ' N c(BJZSB,) 





324 R. CALLEN and H. B. CALLEN 


Substituting (D7) into (D9) and noting that APPENDIX E. PERTURBATION THEORY IN THE 
INTERNAL FIELD APPROXIMATION* 


eB, 
(BJZSB}) 


(D10) 1. Zero order 

Because the Hamiltonian employed in the internal 
field approximation is temperature dependent, its 
, ss —_ employment requires particular care. The Helmholtz 
» DS3By{NB? + 2Bo- 2). in grisio meagy ae a : wou 
1 - free energy, for example, has an additional term besides 

(D11) the usual one - 
We illustrate this first in zero order. The Hamiltonian 


We can now evaluate me(T) in these circumstances, 


where woe , 
a sia hg = —— <Se>D.S¢ (E1) 


q 


i 


mo( T')g0(a) ' , (D12) 
> 


and the magnetization per ion is 


By substitution into (D1), we find, as our result, equation me : 
S ) ILO i 4 ) ] m( T) ou S, 


(61) of the text 
One usually finds the self-consistent solution, correctly, 


(D13) by calculating the expectation value of the magnetiza- 
tion with respect to this Hamiltonian. Suppose, on the 
other hand, one attempts to form the free energy from 


To investigate e low temperature behavior we 
' si 
yp kT In 2, 


expand B; and B 


Sexp(SJ/Z<S, oS)+(S—1) exp [BJZ<S,~ >o(S—1)] 
exp (BJZ<S_>oS)+exp [BJ/Z<S_ >o(S—1)] 


with the Hamiltonian (E1) in the partition function. The 
exp ( BJZS) (D14) magnetization should so adjust itself as to minimize the 
free energy. Setting 
2 Cus 
exp ( 3]ZS) (D15) (E3) 
S cm 


Similarly, we find that m(T) 0. We now show that the error 


S? exp (BJZ<S,>0S)+(S—1)? exp BJZ<S,>o(S—1) 
expBJZ<S->oS4 expBJZ<S,->o(S—1) 


in the argument is the neglect of a term in the free 


-) exp ( BJZS) (D16) energy proportional to the square of the magnetization. 
Because the internal energy and entropy can be written 
down unambiguously, a convenient procedure is to 

derive the Helmholtz free energy from 


BJZS), yy = u—Ts. (E4) 


The internal energy per ion is 


Z ” 
exp(—JZS)/kT. (D117) uo = 3 <ho>, (E5) 


m>( T) > 
T +>O0O2kT : 

uy -4JZ<S,>?. (E6) 
This goes to zero exponentially rather than as T!/?, in 
equation (17). * This appendix summarizes work done by the two 


Near the Curie point equation (D13) for Mo(T) breaks present authors in conjunction with Dr. THomas A. 


down in a manner similar to equation (46) of the text. KAPLAN, of Lincoln Laboratories. 
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The entropy per ion is 


s = —k trace plnp (E7) 


where 


exp (—fh) 


(E8) 
trace exp (—fh) 





So = kB <ho>+hln trace exp (— ho) (E9) 


Substituting into (E4) one finds 
yo = —kRT In trace exp(—fho)—4<ho>, (E10) 
or in terms of the magnetization 


$o =_—kTIn trace exp (8JZm(T)S-/guz)+ 


a 
‘4 


J 
+ — m2(T). 
2(guB)? i 


Equation (E11) now allows of solutions in which the free 
energy is a minimum for non-vanishing magnetization. 

The propriety of equation (E11) can be ascertained in 
another related way. We require that 


(E11) 


“yy 
==) 


This identity is satisfied by (E10), the additional term 
just cancelling the term that arises through the tempera- 
ture dependence of /po itself. Though we have illustrated 
only in zero order, equation (E11) is correct to all orders 
when a perturbation is included in the Hamiltonian. 
In first order there is a cancellation of terms, leaving 
only the expectation value of the perturbation with 
respect to the zero order distribution function, in close 
analogy with conventional perturbation theory. In all 
higher orders there are additional terms in the perturbed 
free energy, which we now derive. 


(E12) 


2. The perturbation expansion 
We now take as the proper internal field Hamiltonian 


In general Sr and V need not commute. We shall 
collect in powers of the perturbation parameter ¢. In 
terms of the density matrix of (E8), the internal energy 
is 

u = $ trace pc(S,>S,+trace peV. (E14) 
and the entropy is again given by (E7), with the per- 
turbation now included in the Hamiltonian. Again, 
equation (E4) becomes 


y% = —kTIn trace exp(—Be¢(S,>S,—BeV)— 
c<S,>? 
—_——_. E15 
5 (E15) 
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We seek the coefficients in the expansion of (E15) for ¢ 
in powers of €: 


b = Yo tep)+ 22+... (E16) 

Let the series expansion for (S¢ > in powers of € be 
Sed = (Sedo te (Seg V +2 (SO + ..., 
(E17) 


where the coefficients are to be determined self-con- 
sistently from 


trace S; exp (—fe<S, S-—BeV) 
~*” "trace exp(—fe<S;)S;-—BeV) 





(E18) 

These coefficients permit the calculation of the power 
series for % from 

exp{—A[+c¢/2<S,>?]}=trace exp(—fh). (E19) 


Defining the “zero order averaging operation’’ < >o 
by 


trace exp(—fe<S,>oS,)x Q 


(E20) 





F \ 
\x /0 


trace exp(—fe<S,>oS¢) 


we find 


<S-> = 


exp{—A[y+c/2¢S~>?]} 
= exp{ —f[po+e/2<S->5]} x <o(B) Do 
where 


#(8) = exp (Be<S, oS.) exp (—Be<S;>S_—BeV) 
(E23) 


(E22) 


We consequently consider the expansion of ¢(8) in 


powers of €. 
In standard fashion(!®) we note that ¢(8) satisfies the 
differential equation 


0d 
= (c<S_05;)4(8)—exp (Be (SoS) x 
c 
x (c¢S->S-+eV) x 
x exp (—Be<S,>S,—feV) 
= —{cS fe (S-V+e2 (8S, O+4 we] + 


+eV(B)}4(8), (E24) 
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where 


V(B) = exp(Be<S,>oS;z) x V x exp(— 


Integrating equation (E24) we get 


B 


HB) = 1- f dPifeSele(S_+e2S, 


0 


+e«V(B;) 4(B1). 


Solving this integral equation by iteration we find 


A 
$(8) = 1-e | dB, 6(B1)— 


0 


B A 
— | 4; i AB 20 


0 0 


Se>®S_— [dBi[26(Bx)Prc <: 


0 


Ai 2 


+ {dB | #Ba | 4806(81)O(B2)O(Ps) (+ ... 


0 0 0 


where 


6(8) = V(B)+e<S 


Inserting the expansion (E27) for ¢(8) into equation 


(E19) gives 


= exp{—A[vo+ 


+¢ [ apy [ dBo 6(81)0(B2) ( 


0 0 


The integrals appearing in this expression can all be 


reduced. 


Thus 
<(B1)>0 = <V(B1)>o 


and cycling in the trace. 
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B 

[ a8; <8(Bi1)>o = BKV o+Be<S DS >o. (E30) 
0 

Similarly, by commutation and cyclic permutation of 
exponentials we can show that 

= 

| 481 | 4B2<O(P1)0(B2) Do 

D 0 


0 


B fi 
= apy aBo 6(B1—B2)8>o 
0 0 
AR 
= apy aBo 6(B—Bi+B2)0>o. (E31) 


0 0 


Transforming to new variables 


Bs = By = Be Ba oa Bitfs, (E32) 
B A 


[ @B1 { 4B2f(B:—Pe)- 


0 0 


= | dBs(B—Bs)f(Ps). (E33) 


0 


Applying this transformation to equation (E31) gives 


4 7 
B Pi 


| apy dBo 6(81)6(B2) 0 


83(B — Bs) <8(Bs)0> 


= { d8s(B—Bs) <A(B—B2)0> 


0 


= 8 [ab O89 fa 6(B3)0> 6 
0 


B 
= [ dB’s8's<0(6's)0> 


0 
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where (E35) was obtained by replacing 8 —f3 by §’s in 
(E34). From (E35) it follows that 


j dp i Bx <(P1)OB2) >9 = 48 dB <(Bs)9> 
v (E36) 
and as 


<4(B3)0 > 9 <VS_) 


+2¢<Sy 
2 (Sz )?> “0? 


= MEA. 
+c2¢(S,>a ( a 
& B 

fax | dB2<0(:)6(82)>, 

0 0 


(Se>9—B[<VS_) 


1—eB[ <b 





<S-> _ 





B 
= 48 | dBs<(V(Ps)V yo + Be (Se) VS¢ q+ 
0 





BES OL CV > HeOKS eM 





(St>@ = 








Substituting (E30) and (E38) into (E29), and comparing 
with the coefficients in the series expansion of the free 
energy, of equation (E16), we find 


y) = <V), (E39) 


p™ = $8 (Se>M)P[ Se G— (Sp)? 


+Be(S> V9 <Sed9— VS¢o] 





ote Se 
Dotted 


Se>o]+ { apy | dB2 <8(B1)0(B2)S 


B 


1; 
+4[ (V5 - BJ dBi <V(Bi)V > 9) 
0 


—4e( <S_>™P. 


We remark that the first order free energy, which is the 
zero order expectation value of the perturbation, has 
resulted from the cancellation of two terms, one arising 
from the first order term in the magnetization, ¢Sz >, 
in the Hamiltonian (E13), and one from the additional 
term in the free energy previously discussed. Higher 
order terms in the free energy can also be extracted by 
the iteration scheme. 

The quantities <S¢>™) are determined by inserting 
the expansion (E27) ”for ¢(8) into equation (E21) for 
SoD: 


(E40) 


@ <(S)°) 


(E41) 


) / \@) ‘ey 
/ “ned * 


Multiplying through by the denominator and equating 
coefficients of like powers of @ yields. 
FQ 7\ “7d 
S r VS¢_>9— < as cS 
te C7 eaten 
1+ Bel <(S_)2>9— 


Similarly 


- ) 
C7 


A 
1 eS, r / 
> 9 — BB < £70 apy < 
0 


(B1)8 > 





(E43) 


In particular cases these expressions can simplify 
still further. For example, VAN VLEcK"!*) calculates 
the pseudo-dipolar correction to the free energy of a 
cubic crystal. This contribution arises at the lowest 
in second order, so that in this case <V>o and <S¢ > 
vanish, leaving only 


B 


+ | apy <b 


d 


0 


‘(Bi)V > (E44) 


which reduces to VAN VLECK’s result, and 


B Bo B 
dB { dB2<V(P1)V(B2)S;>9-3B<Se> | dP <V(P1)V >, 
0 0 





{S>@ = 


1+Be[<(S;)? >, 
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HEAT CAPACITY, THERMAL EXPANSION AND 
ELECTRICAL RESISTIVITY OF AN 8 a/o 
ALUMINUM-PLUTONIUM 
(DELTA-PHASE STABILIZED) ALLOY BELOW 300°K.* 


T. A. SANDENAW 
Los Alamos Scientific Laboratory of the University of California, Los Alamos, New Mexico 


(Received 22 March 1960; revised 6 May 1960) 


Abstract—The heat capacity and thermal expansion data for a delta-phase stabilized aluminum- 
plutonium alloy are represented by curves and least-squares equations for the temperature region 
below 300°K. A curve for electrical resistivity of the alloy is given. The results of physical measure- 
ments indicate the major role of time-dependent cooperative phenomena. Values of the electronic 
contribution coefficient, Debye characteristic temperature, entropy, and enthalpy are reported, and 
comparisons made of the observed behavior of high-purity plutonium and the stabilized alloy. 


1. INTRODUCTION 

A stupy of the electrical resistivity of a delta-phase 
thermodynamically stable plutonium alloy has 
shown a peak in the resistivity-temperature curve 
below room temperature which is suggestive of 
spin disorder, i.e. of a possible antiferromagnetic 
Curie point. Plutonium metal has itself shown this 
same resistivity behavior and multiple heat- 
capacity peaks have been observed.'2) 

Although spin-ordering was suspected in both 
pure metal and the alloy, low-temperature 
heat-capacity studies on the delta-phase stabilized 
plutonium alloy (8 a/o aluminum) were undertaken 
because crystal structures of both at room tem- 
perature are very different. The alloy has a face- 
centered cubic structure, whereas the alpha- 
plutonium is monoclinic. It was thought that a 
comparison of the low-temperature heat capacity 
curves might shed additional light on the anomalous 
behavior of plutonium. 

Thermal expansion measurements seemed to be 
the simplest way of confirming the presence of 
heat capacity peaks in the aluminum-plutonium 
alloy and of comparing its low-temperature 
behavior with that of pure plutonium. 





* Work performed under the auspices of the Atomic 
Energy Commission. 


A thorough investigation of the electrical re- 
sistivity of the alloy was also undertaken in an 
effort to find additional confirmation for observed 
heat capacity peaks and to see if any time effects 
could be found which would correspond to those 
observed in thermal expansion measurements. 


2. EXPERIMENTAL DETAILS 

The heat-capacity calorimeter has been de- 
scribed) and experimental procedures for plu- 
tonium have been outlined.@) The thermal- 
expansion apparatus and procedures followed have 
been explained in detail by SANDENAW™). 

The electrical resistivity apparatus was a 
variation of that reported by SANDENAW and 
Otsen), The specimen holder was made from 
cloth-filled phenolic with current contacts, 
potential drop contacts, and thermocouples spring- 
loaded against the specimen. The phenolic holder 
was surrounded with a Lucite capsule. Glass wool 
was packed carefully but firmly between the 
Lucite capsule and the suspending rod at the 
mouth of the Lucite capsule to prevent con- 
tamination of Dewars and vacuum system with 
any loosely bound plutonium oxides that might be 
formed. The Lucite capsule was in turn surrounded 
by a copper can wound with resistance heater wire. 
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The copper can was also plugged with glass wool 
as an added precaution against radioactive con- 
tamination. (The specimen holder and surround- 
ing containers were designed for specimen cooling 
by direct contact with either liquid nitrogen or 
liquid helium.) 

The heat capacity values were determined by 
following the rate of temperature rise during self- 
heating of the alloy. A run, covering the tempera- 
ture range of ~4-300°K took about 10 hr. 
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and heat leaks along electrical leads prevented 
holding at any fixed temperature between 3-96°K 
and 48°K. The values reported in Section 3.3 were 
obtained in two or more complete cooling and 
warming cycles between 273°K and 1-9°K. 


Measurements were taken over a period of 10 days. 
Electrical resistivity measurements were made on 
the specimen previously submitted to thermal 


expansion measurements. 
The alloy specimens used in measurements 


15¢ 


TEMPERATURE, °K 


Fic. 1. 


Heat capacity curve for an 8 a/o Al—Pu alloy (stabilized delta phase 


at room temperature). 


The thermal expansion values were obtained 
under truer equilibrium conditions, since the time 
for cooling and warming through two cycles, over 
the same temperature range, was 11 days. On 
cooling below 48°K with liquid helium, the 
specimen was kept at 3-96°K and colder for 23 hr. 
The time for warming from 1-86-48°K, influenced 
by heat leaks and heat generation in the plutonium 
alloy, was 3 hr. 

The electrical resistivity measurements were 
also made under equilibrium conditions in certain 
temperature ranges. Self-heating of the specimen 


described here were heat-treated to get maximum 
stabilization of the delta-phase. The density, at 
room temperature, of the cast Al-Pu alloy was 
15-235 g/cm*, whereas the density of cast high 
purity plutonium was normally 19-56 g/cm? or 
greater. 


3. EXPERIMENTAL RESULTS 
3.1. Heat capacity curve 
The heat capacity curve for the 8 a/o Al-Pu 
alloy was reproducible to the extent shown in 
Fig. 1 and by least squares equations. Scatter 
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Fic. 2. Thermal expansion curve for an 8 a/o Al-Pu alloy (stabilized delta 


phase at room temperature) relative to fused quartz. ‘The dashed line 
represents behavior on first cooling. 


observed in three runs is shown in Fig. 1 for 
regions where data were not given a least squares 
treatment. Three heat capacity spikes were ob- 
served between 20°K and 75°K, and the curve 
had broad but shallow waves between 76K and 
300°K, with the exception of a peculiar dip and 
rise at ~196°K. 


3.2. Thermal expansion curve 

There appeared to be the possibility that the 
contraction of the delta-stabilized (Al-Pu) alloy 
could follow either of two paths in being cooled 
from 273°K to 155°K. On the original slow cooling 
the path indicated by the dashed line of Fig. 2 was 
followed closely. On warming, and during a re- 
peated slow cycling from 273°K down to 150°K 
and back, the contraction (and/or expansion) 
followed the path indicated by the solid line within 
the limits shown. Extremes observed in the data 
are shown for the entire curve of Fig. 2. Below 


20°K there was very slight deviation from the 
lines as shown in this figure. 

Cooling from a temperature attainable with 
liquid nitrogen (~76°K) down to the temperature 
attainable with boiling liquid helium (3-96°K) was 
done slowly (40 min). During this cooling, a value 
of linear expansion indicated for ~60°K was 
reached and maintained down to a temperature of 
~10°K. The specimen was then observed to 
expand. 

As mentioned previously, the solid line shown 
between 1-86°K and 48°K was experimentally 
obtained during a warming time of 3 hr. The 
upturn in the curve of Fig. 2, observed below 
15°K, was not found with normal purity plutonium. 
Laquer) observed such an upturn below 40°K 
in the case of uranium specimens. 


3.3. Electrical resistivity curve 
Experimental points obtained during the 10 
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3. Electrical resistivity curve for an 8 a/o Al-Pu alloy (stabilized delta phase at room 
temperature). 


days of resistivity measurements are shown on 
Fig. 3. Resistivity is plotted as 100 R/Ro73, where 
Ro73 represents the resistivity at 273°K. Values 
noted during specimen cooling are differentiated 
from those observed during warming. Values 
obtained after the second liquid helium cooling 
are also denoted differently because warming be- 
tween 3-96°K and 80°K was at as slow a rate 
(5 hr) as was possible during this run, and frequent 
resistivity measurements were made. 

It is evident from Fig. 3 that the resistivity of 
this alloy changes only slightly (i.e. a few per cent) 
in the range between 1-9°K and 300°K. The re- 
sistivity maximum is only about 10°K above that 
found for pure plutonium and the resistivity 
appears to be constant (though variable in value) 
between 1-9°K and 3-96°K. 

The data taken after the second cooling with 
liquid helium indicate a nearly constant resistivity 
over short temperature ranges, centering at 31°K, 
45°K and 72°K. Slightly different behavior was 
observed in two runs through the temperature 
range of 62-76°K. As observed above, the re- 


sistivity was apparently constant for several degrees, 
centering at 72°K, during the second helium run. 
In a previous run, where liquid nitrogen was 
pumped, an actual dip was observed at 72-74°K. 
The time for cooling from 76°K to ~62°K and 
warming back to 76°K took slightly over 4 hr in 
this previous run. There appeared to be a slight 
hysteresis in the range of 66-76°K. 

Figure 3 also shows that the resistivity values 
can fall on two quite divergent paths between 
160°K and 250°K. The upper points were observed 
on either fast or moderately slow cooling and 
heating rates. Several hours (16-24) of holding 
were required to get on the lower path in this 
temperature range, and cooling (or warming) rates 
of a few degrees an hour were necessary to stay 
in the lower range of points. 

The value of volume resistivity (p) was 115 
+0-25 wohm cm at 273-15°K. 


3.4. Least-squares analysis of heat capacity data 
The plutonium alloy under study showed quite 
a large standard deviation in the least squares 
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analysis of heat capacity data. The equations for 
heat capacity (Cy), as a function of temperature 
for regions where spikes were absent, were found 
to be as follows: 


Temperature Range below 25-74°K 
Cp = yT+ BT? 

y = 139-3 x 10-4 

B = 2-0994 x 10-4 

o = standard deviation = 0-358 


Temperature Range: 76-193°K 
Cp = A+ BT+CT?+ DT? 

A = 2:2804 

B = 4-4898 x 10-2 

C = 1-7175 x 10-4 

D = —1-5012x 10-6 

o = 0-323 


Temperature Range: 208-300°K 
Cp = A+BT+CT? 

A = —3-8356 

B = 8-5039 x 10-2 

C = —1:5484x 10-4 

o = 0-450 


Values of heat capacity for the temperature 
region 193-208°K were not used in obtaining these 
least squares equation numbers because of the 
spike observed in this range. 


3.5. Least squares equations for linear expansion of 
8 a/o Al-Pu alloy 
The thermal expansion data for the plutonium 
alloy were submitted to least squares analysis. Be- 
cause of the abrupt changes of slope of the curve, 
the data were divided into four temperature 
ranges. Equations for these temperature ranges 
were: 
Temperature Range: 1-86-30°K 
Alp = I273 (A+BT+CT?2+ D724 ET4+ 
FT®) 
A = —6-0281 x 10-8 
B= —7-4790 x 10-4 
C = 6-6822 x 10-5 
D = —2-9584 x 10-6 
E = 6-3943 x 10-8 
F = —5-3308 x 10-10 
o = 1:-6x10-4 


Temperature Range: 30-42°K 
Alp = loz3 (A+BT+CT?) 

A = —1-1283x10-? 

B 1-2230 x 10-4 

Cc — 1-8558 x 10-6 

¢ =1-1x10 


Temperature Range 44-76°K 

Alp = lo73 (A+ BT+CT?+DT*) 
A = —1-6472x10- 

B 3-8990 x 10-4 

C = —7:5351x 10-6 

D =5-3651 x 10-8 

o =3-4x10-4 


Temperature Range 78-273°K 
Alp = 1273(A+BT+CT?+ DT?+ ET*) 
A = —7:3254x 10-3 
B —3-9405 x 10-5 
9-8614 x 10-7 
—4-8175 x 10-9 
E =7-6700x 10-2 
o = 86x10-4 


Differentiation of any of the equations in this 
section, with respect to temperature, yields the 
coefficient of thermal expansion. This is plotted 
as a function of temperature in Fig. 4. 


3.6. Electronic contribution coefficient (y) and 

Debye characteristic temperature (@p) 

The least squares analysis of the heat capacity 
data, obtained below the first heat capacity peak 
gave a value for y of 139-3x 10-4. This yields a 
value for the energy density of states of 12-4 states 
per atom per eV, which is even higher than the 
value of 10-4 found for normal plutonium.®) 

The B term in the least squares equation of 
heat capacity gives a value for 0p of ~130°K. 


3.7. Thermodynamic properties 

The equations used for machine calculations for 
summing enthalpy and entropy have been given 
elsewhere. ®: 3) It was pointed out that the IBM 704 
listing tabulated a value of entropy and enthalpy 
for every experimental point. The averaged values 
of calculated entropy (S) and enthalpy (H) for 
heat capacity minima and maxima (including 
values for 298°K) are given in Table 1. 
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Fic. 4. Curve of coefficient of thermal expansion for an 8 a/o Al—Pu alloy. 
Dashed line at 150°K and above represents data of dashed line of Fig. 2 
in the same temperature range. 


Table 1. Averaged values of S and AH at several 


temperatures. 


The value of the Debye characteristic tempera- 
ture determined from the very low temperature 
heat capacity data was used with a table of the 
Debye function, D (8/T), to compute a C, curve. 
Calculations were made to determine the extra 
entropy above such a curve involved in each of the 
first three low temperature heat capacity peaks. 
The averaged extra entropy values, in the order 
of increasing temperature were 0-61 e.u., 0-80 
e.u. and 0-58 e.u. The averaged extra entropy 
for the first broad hump with its crest at 138°K 
was 1-11 e.u. 


4. DISCUSSION OF RESULTS 
4.1. Correlation of heat capacity data with other 
physical measurements 

The heat capacity data were not sufficiently 
dependable below 8-10°K to show confirmation of 
any effects due to the observed upturn in thermal 
expansion below 15°K. 

The heat capacity peak at 27°K occurs at a 
point of change of curvature in the thermal 
expansion curve, as does the heat capacity peak at 
44-5°K. 

The thermal expansion curve of Fig. 2 does not 
show any major change in slope above ~45°K 
until a temperature is reached which is very close 
to the minimum following the 62-5°K heat 
capacity peak. Here, again, a change in slope of 
linear expansion seems to confirm an observed 
heat capacity peak. The curve of temperature co- 
efficient of thermal expansion, Fig. 4, also pre- 
sents excellent confirmation for the 62:5°K peak. 

A minimum in the curve of coefficient of thermal 


expansion occurs at ~200°K, where the heat 
capacity behavior is peculiar. There was a possible 
branching in the thermal expansion curve at 150°K 
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and an observable change in curvature at approxi- 
mately 200°K on both of the indicated paths of 
Fig. 2. There appears to be correlation between 
these two physical properties of the delta-stabilized 
plutonium. 

The electrical resistivity curve of Fig. 3 also 
appears to offer confirmation for all of the observed 
heat-capacity peaks in the Al-Pu alloy below 
300°K. The changes in the slope of the R vs. T 
curve at 29°K, 42°K and 69°K occur at the 
approximate temperatures of observed heat- 
capacity peaks. The resistivity behavior between 
160°K and 250°K also appears to confirm the 
divergent paths observed in thermal expansion 
measurements and, in turn, in the heat capacity 
behavior in the vicinity of 190°K. The summit in 
resistivity at ~115°K appears to suggest anti- 
ferromagnetism and thus account for the first 
broad hump in heat capacity which crests at 
138°K. 


4.2 Comparisons between low temperature heat 
capacity peaks of high purity plutonium metal and 
8 a/o Al—Pu alloy 
The heat capacity peak of the 8 a/o Al-Pu alloy 


at 27°K is very close in temperature to the similarly 
shaped peak found at 31°K in the case of high 
purity plutonium.®) The second heat capacity 
peak of the alloy, found at ~45°K, is also very 
close in temperature to the second heat capacity 
peak found for high purity plutonium®) at 
47°K. 

Although clear cut heat capacity peaks were not 
observed at ~62:5°K and ~190°K in the case of 
high purity plutonium, it was observed that indi- 
cations of peaks (and erratic behavior) could be 
found in the vicinities of these temperatures. @) The 
broad hump (crest at 138°K) in the heat capacity 
curve of the alloy appears to correspond to the 
123°K peak of the high purity plutonium. It is re- 
markable that the high purity plutonium and the 
Al-Pu alloy should be so similar in heat capacity 
behavior below 300°K, when their crystal struc- 
tures at room temperature are so different. ‘The 
extra entropy for observed peaks is much less for 
the alloy than for plutonium metal. A possible con- 
clusion is that the heat capacity behavior observed 
for the high purity plutonium and the Al-Pu alloy 
is not altogether a property of crystal structure, 
but also of the plutonium atoms themselves. 
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4.3. Evidence for cooperative phenomena in 8 a/o 

Al-Pu alloy 

The curve for linear expansion of the 8 a/o 
Al-Pu alloy between 44°K and 100°K (Fig. 2) and 
the curve for coefficient of thermal expansion in 
this same temperature region (Fig. 4) are very 
suggestive of order—-disorder phenomenon. The 
shapes of these curves are similar to order-dis- 
order curves for the linear expansion and co- 
efficient of thermal expansion of previously highly 
ordered CugAu as reported by Nix and 
MacNair™, The extra entropy noted above for 
the third heat capacity peak in the Al—Pu alloy is 
also of the right order for entropy of mixing of an 
alloy composed of different atoms in a ratio of 
1:11 (8 a/o). A temperature of ~70°K appears to 
be very low for ordering of atoms, but the radio- 
active disintegration of plutonium might possibly 
supply the required energy. The effect of bombard- 
ment with particles that produce displaced atoms, 
on rate of ordering, has been noted by Serrz and 
KOEHLER®), 

A positive answer to the question of whether 
the heat capacity and thermal expansion data in the 
vicinity of the third heat capacity peak, as indicated 
above, result from order—disorder of atoms or from 
another type of transition of higher order than 
first must come from X-ray crystallography. 

As pointed out previously, the two possible 
divergent paths for electrical resistivity between 
160°K and 250°K appear to confirm the observed 
divergent paths of thermal expansion in this same 
temperature region. The maximum difference of 
~11 per cent of the total change in resistivity, 
which is indicated at 200°K in Fig. 3, seemingly 
hints at an ordering of atoms on holding from 16 
to 24 hr in the vicinity of this temperature. 

From this discussion, it appears that most of the 
observed behavior in heat capacity, thermal 
expansion, and electrical resistivity below 300°K 
can arise from cooperative phenomena. The high 
standard deviation in heat capacity data probably 
results from the effect of cooperative phenomena. 
Ordering of any kind at low temperatures is ex- 
tremely slow. Slight variations in holding time or 
cooling rate might influence completeness of final 
order, which would, in turn, influence the shape of 
the curve. 
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LETTER TO THE EDITOR 


Eine Bemerkung zum Verlauf der 
Lumineszenz von AgCl-Einkristallen 


(Received 8 December 1959; revised 18 January 1960) 


Bet DER Messung des Spektralverlaufes der 
Lumineszenz von diinnen Einkristallschichten des 
Silberchlorids haben wir in™ eine Reihe sehr 
kleiner, scharfer Banden an der Emissionbande 
gemessen, deren Lagen der Serienregel ent- 
sprachen (Abb. 1) und zwar den zwei Serien mit 
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Ass. 1. Der Spektralverlauf der Lumineszenz von AgCl- 

Einkristallen nach.() Dicke der Proben: 0,2 mm, 

Temperatur : —180°C. Die Reproduzibilitat der Lagen 

der gemessenen engen Maxima war +3—+13A fiir 
verschiedene Proben. 


den Kantenwellenlangen ’,, = 4640 A und X”,, = 
5080 A. In Ubereinstimmung mit der Arbeit vom 
MartyA8@) sind die beobachteten Banden mittels 
des Excitonenmechanismus der Lumineszenz 


erklart worden, d.h. dass die Lumineszenz wahrend 
der Annihilation des lokalisierten Excitons bei 
einer Kationenleerstelle [(a); die erste Serie der 
Banden] oder bei einer Kationenleerstelle an einer 
Versetzungssprungstelle ([b); die zweite Serie der 
Banden] entsteht. Die beiden Zustinde des 
lokalisierten Excitons (a), (b) kann man sich im 
Bandermodell als bestimmte Energieterme (Abb. 
2), die sich den obenerwahnten Kanten nahern, 
vorstellen; dabei kann man ihre Lage im Bander- 
modell dann nach der Beziehung®) vy, = Von—R’ |n}, 
wo v,—Frequenz der Absorptionslinie, v,,— 
Frequenz der Kante, R’ —reduzierte Rydberg- 
konstante, m) — Brechungs-index, berechnen. Zu 
den ahnlichen Ergebnissen gelangte auch WIE- 
GAND™), der als Zentrum, an welchem die Strah- 
lungsrekombination des Elektrons eintritt, das an 
der Kationenleerstelle eingefangenen Defektelek- 
tron angenommen hat. Die eigene Lumineszenz 
entsteht dann durch den Ubersprung des Elektrons 
von diesen Termen in die entsprechenden Zu- 
stinde der Defektelektronen, die an der Leerstellen 
eingefangen sind. Die Entstehung des lokalisierten 
Excitons kann man sich neben dem direkten Ein- 
fangen des Excitons auch so vorstellen, dass es sich 
im Grunde genommen zunichst um das Einfangen 
des Defektelektrons an der Kationenleerstelle 
handelt, damit ein Zentrum mit einer Reihe von 
angeregten Zustinden entsteht. Im zweiten Sta- 
dium kommt es zu einer Strahlungsrekombination 
eines Elektrons des Leitfahigkeitsbandes an diesen 
Zentrum. Im Rahmen der Bestitigung des Modells 
vom MatyA’ wurde der Temperaturverlauf der 
Lumineszenz gemessen. 

Die Lumineszenz wurde mittels sowietisches 
SEV FEU-19 mit einem vorgeschalteten Inter- 
ferenzfilter (Amax = 480 my) gemessen; die Gesch- 
windigkeit der Temperatursteigung im Kryostat 
war 0),2°C pro Minute. Der Verlauf der Lumines- 
zenzintensitat und der Temperatur ist automatisch 
registriert worden. An den Registrierungskurven 
wurden bei den Temperaturen, die in der nach- 
stehenden Tabelle zusammengefasst sind, drei 
kleinere Maxima gewonnen. Nach RANDALL und 
WILKINS©®) lisst sich aus diesen Maxima ungefahr 
die Energiedifferenz zwischen dem Leitfahigkeits- 
banden und dem entsprechenden Haftterm des 


337 





LETTER TO THE EDITOR 
























































\ 
\ 


Ass. 2. Das Biandermodell des AgCl-Kristalls. V—Leit- 
fahigkeitsband ; P—Polaronenterm, berechnet nach (6); M,M’ 

Energieterme, welche dem Exciton, lokalisiert an der 
Kationenleerstelle oder Kationenleerstelle an der Versetzungs- 
stelle entsprechen, nach (1) ; 1-H und 1’-H’ — Terme der 
ersten oder zweiten Serie des lokalisierten Excitons ; N,N’ 

‘Terme, entsprechend dem gebundenen Defektelektron an 
der Kationenleerstelle (nach (1)) ; Z— Valenzband ; Li-La 
und L}-L»—mégliche strahlende Ubergiinge, welche fiir die 

Lumineszenz verantwortlich sind. 


Elektrons abschitzen; diese Energiedifferenz ist 
meistens ungefahr 25 kT. In unserem Falle ent- 
spriche das den Elektroneniibergiangen von den 
Termen 3 oder 12’ und 10’ in die Terme M oder 
M’ (die Pfeile 1, 2, 3 in der Abb. 2), d.h. die 


Wirmedissoziation dieser angeregten Elektronen- 





zustinde und der Ubergang des Elektrons in den 





Term, welcher der Unstabilitat des vorstehenden 
Svstems (Kationenleerstelle+Exciton) bei der 


gegebenen ‘Temperatur entspricht. Die aus C 


Ass. 3. Der Verlauf der Thermolumineszenz von 


> Modell berechneten Werte sind in ganz ae é a : : 
dem a — 8 AgCl-Kristall. Kurve 1— Thermolumineszenz in den 


guter Ubereinstimmung mit den gemessenen jolativen Einheiten : Kurve 2— Wachstum der Tem- 


Werten. peratur in der Celsius-Graden. 
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Tabelle 1 








Temperatur 
(°K) 


Warmeenergie 


| Entsprechende | 
kT (eV) | 


Entsprechende | 
nergiedifferenz | 


Berechnete 
Energiedifferenz 


~ 25 kT (eV) (eV) 





7,56 x 1073 
8,26 x 10-3 
8,5 x10-3 


1,587 x 10-1 
2,07 x10-2 
2,098 x 10-2 


1,897x10-1 | 
2,065x10-1 | 
2,12 x10-1_—| 








Dieses Modell ist auch in guter Ubereinstim- 
mung mit dem Spektralverlauf der Lumineszenz, 
d.h. die Lagen der gemessenen engen Maxima in 
der Abb. 1 stellen die strahlenden Elektronen- 
iiberginge der Abb. 2 dar und stimmen ener- 
getisch gut mit den berechneten Energiewerten fiir 
die strahlenden Ubergiinge des Modells iiberein. 
Weil sich die Gruppen den zwei diskutierten 
Zustinde des lokalisierten Excitons entsprechen- 
den Energieterme iiberdecken, ist zu erwarten, 
dass das resultierende Emissionsband entsteht 
durch Uberlagerung von zwei nicht allzu weit 
auseinanderliegenden Banden, die den vorstehen- 
den Zustainden entsprechen. Die experimentell 
gemessene Halbwertsbreite betrug (Abb. 1) 0,221 
eV, die aus unserem Modell berechnete war 0,231 
eV (beiliufig gleich der Energiedifferenz beider 
Kanten). 

Der ganze Mechanismus der Lumineszenz lasst 
sich also bei der Temperatur des fliissigen Stick- 
stoffes folgendermassen vorstellen. Wahrend der 
Lichtexcitation entstehen teils freie Excitonen und 
teils Elektronen und Defektelektronen. Im ersten 
Falle bewegen sich die Excitonen durch den 
Kristall und kénnen sich an der Kationenleerstelle 
oder an der Kationenleerstelle an einer Verset- 
zungssprungstelle einfangen und damit entstehen 
lokalisierte Excitonen in verschiedenen (1—6 oder 
1'-6’ in der Abb. 2) Energiezustanden. Durch die 
Phononinteraktion folgt dann eine Strahlungs- 
annihilation des Excitons (Z;-L,, oder L’;-L’,, in 
der Abb. 2). Im zweiten Falle bilden sich durch das 
Einfangen des Defektelektrons an der Kationen- 
leerstelle oder der Kationenleerstelle an einer Ver- 
setzungssprungstelle Zentren mit einer Reihe von 
angeregten Zustinden. Die freien Elektronen des 
Leitungsbandes bilden entweder die Polaronen- 
zustinde (P) oder binden sich dann an diese 
Zustande (1-6 oder 1’-6’ der Abb. 2) und durch die 


Phononinteraktion geht der Mechanismus eben- 
falls wie im voranstehenden Falle vor. Die 
Wahrscheinlichkeit der Strahlungsrekombination 
des lokalisierten Excitons (d.h. die Rekombination 
des Elektrons mit dem Defektelektron) ist ver- 
schieden fiir die einzelnen Strahlungsakte (Z)-L,, 
oder L’;-L’,,). Im Falle des AgCl-Kristalls ergeben 
sich aus den experimentellen Ergebnissen die 
wahrscheinlichsten Ubergiinge Lz und Lg (4808 A 
und 4745 A). Es ist klar, dass die einzelnen Banden 
sich superponieren und bilden so das gemessene 
breite Emissionband mit der feinen Struktur. 
Beim Anwachsen der Temperatur dndert sich die 
Wahrscheinlichkeit der Strahlungsiiberginge (er- 
niedrigt sich) und sogar aus den héchsten Energie- 
zustanden der beiden Zentren steigt die Wahr- 
scheinlichkeit eines Strahlungslosesiiberganges des 
Elektrons (1 oder 2, 3 der Abb. 2) an die Energie- 
terme (M oder M’ der Abb. 2); und das haben 
wir auch gemessen. 

Alle diese Ergebnisse sind in guter Uberein- 
stimmung mit der Modellvorstellung der Lumines- 
zenz, wie sie MatyAs vorgeschlagen hat, und in der 
Reihe der vorstehenden Fallen bestatigen sie diese. 
Physthalisches Institut K. VACEK 
der Karlsuniversitat, 

Prag II. 
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NOTICE 


PIB Symposium on Electromagnetics and Fluid Dynamics of Gaseous 


Plasma 


The eleventh annual international Polytechnic Institute of Brooklyn Symposium, 
scheduled for April 4—6, 1961 in New York City, will be devoted to ‘‘Electromagnetics 
and Fluid Dynamics of Gaseous Plasma’’. The area of interest covers collective electro- 
magnetic and fluid dynamic phenomena and their self-consistent analytical description 
in the temperature range characteristic of the transition between partially and fully 
ionized gaseous plasmas. 

This year the symposium is being organized by the Department of Aerospace 
Engineering and the Microwave Research Institute of the Polytechnic Institute of 
Brooklyn in cooperation with the Institute of Radio Engineers and the Institute of the 
Aeronautical Sciences and with the co-sponsorship of the Air Force Office of Scientific 
Research, the Office of Naval Research, and the U.S. Army Signal Corps. 

In keeping with tradition, the symposium will endeavor to serve the twofold purpose 
of providing both a review of the present state of research in the above plasma fields 
and a forum for discussion of recent outstanding advances of interest to engineers, 
mathematicians, and physicists involved in plasma research. The program will com- 
prise both invited and a limited number of contributed papers and will conclude with a 
round-table discussion of some future trends in plasma research. Further information 
may be obtained from Professors Martin Bloom and Enrico Levi, Co-Chairmen of the 
Symposium Committee. 

The closing date for submission of papers or 200 word abstracts is December 20, 
1960. Correspondence should be addressed to: 


Symposium Committee 
Polytechnic Institute of Brooklyn 
55 Johnson Street 


Brooklyn 1, New York 





ERRATUM 


D. C. Gazis, R. HERMAN and R. F. WALLIs, Surface elastic waves in semi- 
conductors, J. Phys. Chem. Solids 14, 268 (1960). 

The values of the normalized phase velocity ratio p for germanium as a 
function of the angle ¢ between the direction of propagation and the (100) axis 
are incorrectly given in Fig. 3. A set of corrected values are: 

d = 0°, p = 0°82613; ¢ = 57/180, p = 0-82684; ¢ = 107/180, 
p = 0°82894; @ = 157/180, p = 0-83219; ¢ = 207/180, p = 0-83612; 
@ = 257/180, p = 0-83881; ¢ = 307/180, p = 0-82439; 4 = 357/180, 
p = 0-79886; ¢ = 407/180, p = 0-78170; od = 437/180, p = 0-77671. 
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